PB92-192962

REPORT NO.
LICB/FERC-87/04 EARTHQUAKE ENGINEERING RESEARCH CENTER
DECEMBER 1990

EARTHQUAKE SIMULATOR TESTING OF
A COMBINED SLIDING BEARING AND
RUBBER BEARING {SOLATION SYSTEM

by

JAMES M. KELLY
MICHEL S. CHALHOUS

Report to the Notional Science Foundation

LT VRN
hﬁ'ﬁ (Al

COLLEGE OF ENGINEERING
UNIVERSITY OF CALIFORNIA AT BERKELEY

REFPROOUCED 8+

U.S. DEPARTMENT OF COMMERCE

NATIONAL TECHNICAL INFORMATION SERVICE
SPRINGFIELD. VA 22181




For sale by the National Technical Infarmation
Service, U.S. Deportment of Commerce,
Springfield, Virginia 22161

See back of report for up to date listing of
EERC reports.

DISCLAIMER

Any opinions, findings, and tenclusions or
recommendations expressed in this publico-
tion are those of the authors and do not nec-
essorily rellect the views of the National Sci-
ence Faundation er the Earthquake Engineer-
ing Research Center, University of Colifarnia
a) Berkeley.



30372 -101

PORT DOCUMENTATION |3 REPORT NO. z - -
RE PACE NSF/ENG-87049 PE32-192962
4. Tute and Subtitle 5. Report Date
Earthquake Simulator Testing of a Combined Sliding Bearing and December 1990
Rubber Bearing Isolation System .-

7. Authar(s}

& Parforming Orgsnization Rapt. No.
James M, Kelly and Michel S. Chalhoub

UCB/EERC=-87/04

$. Parforming Organization Nama and Addresa 10. Praject/Tash/Work Unit Mo
Earthquake Engineering Research Center
University of California, Berkeley 1. ContractC) o¢ Gramt(G} Ne.
1301 So. 46th Street ©

Richmond, €alif. 94804 OECE-8414036

12. Sponioring Crganization Name snd Addrest 1%, Type of Repont & Period Covered
National Science Foundation
1800 G Street, N.W.

Washington, D.C. 20550 1.

15. Supp'ementary Ncles

16 Adatract {Limit: 230 worgs)

- Essential requirements of a base i1solation system include wind restraint, stability, and
fail-safe capacity..A new base isolation system combining sliders and rubber bearings
inherently satisfies all three requirements. and possesses other advantages. The system was
tested on the Earthquake Simulator at the University of California at Berkeley by installing
it under the base of a one—fourth scale nine-story steel structure and subjecting it to
different earthquake inputs. The base behaves as fixed for low magnitude inputs. When
sliding starts the rubber bearings provide additional stiffness and recentering. Under very
severe inputs the tension devices reach their locking limit and cause a large increase in the
stiffness of the system. Areas of base shear hysteresis loops are drastically enlarged by
the addition of sliders. Displacements are better controlled than the ones for a purely
elastomeric isolation system. Vertical deflections due to large horizontal drift encountered
in solely rubber systems, are eliminated. The fail-safe capacity is provided by the tension
restrainers and by the constant contact of the sliders with the base. The sliders were alsc
tested separately on a static rig. The friction coefficient for teflon-stainless steel
increases with sliding velocity and decreases with pressure. Teflon sustains high pressures

without remarkable changes in its properties. The main aspect of its wearing is
delamination.

17. Cocument Ansirsis a. Dsscriplors

B. tgenthiers /Openv-Ended Terms

¢ COSATI Fielg/Group

16 Avaslamsity Statemend 19, Security Class (This Rapart) 21. Ne. of Pagss
Unclassified 184
20. Security Class (This Page) 2. Price
Release Unlimited unclassified
{5e8 ANSI-23) ;B) B0¢ Instructipng on Reversd QPTIONAL FORM 272 (4-7"

{Formerty NT15-3%)
Qeparl t of Col




EARTHQUAKE SIMULATOR TESTING OF A COMBINED
SLIDING BEARING AND RUBBER BEARING ISOLATION SYSTEM

by

James M. Kelly
and

Michel S. Chalhoub

Report to the National Science Foundation

Report No. UCB/EERC-87/04
Earthquake Engineering Research Center
College of Engineering
University of California at Berkeley

December 1990



ABSTRACT

Essential requirements of a base isolation system include wind restraint, stability, and fail-
safe capacily. A new base isolation system combining sliders and rubber bearings inherently
satisfies all three requirements, and possesses other advantages. The system was tested on the
Earthquake Simulator at the University of California at Berkeley by installing it under the base
of a one-fourth scale nine-story steel structure and subjecting it to different earthquake inputs.
The base behaves as fixed for low magnitude inputs. When sliding starts the rubber bearings
provide additional stiffness and recentering. Under very scvere inputs the tension devices reach
their locking limit and cause a large increase in the stiffness of the system. Areas of base shear
hysteresis loops are drastically enlarged by the addition of sliders. Displacements are betler con-
trolled than the ones for a purely elastomeric isolation system. Vertical deflections due to large
horizontal drift encountered in solely rubber systems, are eliminated. The fail-safe capacity is
provided by the tension restrainers and by the consfant contact of the sliders with the base. The
sliders were also tested separately on a static rig. The friction coefficient for teflon-stainless
steel increases with sliding velocity and decreases with pressure. Teflon sustains high pressures

without remarkable changes in its properties. The main aspect of its wearing is delamination.
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CHAPTER ONE
TEFLON AND RUBBER FOR BASE ISOLATION

Basc isolation is a seismic design strategy based on the concept that a structure can be partially
protected from carthquakes by uncoupling it from the ground. This can be achicved by mounting the
structure on honzomtally fiexible foundations capable of accommodating relatively large displacements
and thus acting as shock absorbers, The debate among engincers whether to attach a structure rigidly
w the ground or to let it move at very low frequency has existed since 1909 [1]. The more
conventional method has almost always been chosen,

Base isolation is rapidly gaining acceptance, however, and many systems have been proposed in
recent years. The buildings which have been constructed world-wide using the concept have in the
main been buill using luminated elustomeric bearings of natural or artificial rubber, often with
additonal clements for the purposc of cnhanced encrgy dissipation and control of displacements under
wind loading [2, 3, 4]. A three-story school in Lambese ncar Marscilles, France, consisting of three
buildings scparated by scismic gaps, uses 152 muliilayered elastomeric isolaters (5], The isolators arc
12 inch diameter circular pads containing 20 layers of rubber for a total rubber thickness of 1.6 inches.
A government office building in Wellington, New Zealand, is built on laminated natural rubber
bearings with cylindrical lcad plugs pressed in a central hole. The effect of the lcad is to increase the
damping and to provide displacement control. In South Africa, a nuclear power plant rests on an
isolation system using ncoprene bearings with bronze-stainless steel sliders installed on top of the
bcarings, designed by a French construction company [6]. When the ncoprene bearings can no longer
accept the increasing horizontal displacement, sliding starls. Interest in basc isolation is cxtremely high
in Japan, and there are now several buildings in that country on isolation systems, mostly of the

clastomenic bearing type with additional damping clements.

In the United States, the first building using laminated clastomeric pads for scismic protection is
the Foothill Communities Law and Justice Center in Rancho Cucamonga [7]. 1t was dedicated on 20
March 1986. In Salt Lake City, the City and County building is in the process of being rchabilitated by

the inscrtion of ¢lastomeric isolators between its base and the ground [8]. Basce isolation seems to be
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the best solution for the rehabilitation of old buildings that contain precious architectural detailing.

There are several important requirements for base isolation sysicms. They have w provide a low
frequency motion with relatively high damping in order to limit the displacements to an acceptable
value. The system must incorporate 2 wind restraint and have a recentering effect. [n the case of an
uncxpectedly severe earthquake, the system must provide a fail-safc capacity.

Sliding syvstems have been proposed as ascismic isolation sysiems becausce of their inherent
simplicity and their relatively low cost. However, they present problems such as excessive drift and
lack of fail-safe constraints. This is mainly duc to their force-deflection characteristics which show no
resistance once the sliding threshold is overcome. In addition, they may produce a very low effective

trequency, because of the magnitude of the input, Icading to extremcly large relative displacements,

The arrangement tested in the present rescarch combines sliders with elastomeric springs, and
thereby produces a system with the desirable features of a base isolation system and none of the
disadvantages of a purely sliding system. The dumping nceded in a base isolation system is here
provided by friction cnergy dissipation. The high encrgy dissipation capacity of the system, shown by
the large area of its hysteresis loops, is caused by the addition of the sliders.

Stiding bearings arc used in large reinforced concrete structures to control shrinkage cracking and
thermal dcformations, but in that application, they includc a mechanism that tocks up the building av
one cnd, so that the sliding clements play no role in the scismic response of the structure. The present
system replaces the lock-up mechanism by flexible rubber bearings arranged around the periphery of

the building, and incorporates the sliding clements into the scismic response.
Since this system is but a slight modification of an cxisting practice, it is possible that resistance
to the use of such a system by civil engincers will be less than that which has been shown against the

rubber bearing isolation system which is a more radical departure from conventional engincering.



CHAPTER TWO
TEST STRUCTURE AND ISOLATION SYSTEM
1. Test Structure

A one-fourth scale, nine-story steel frame wus used in this experiment. The structure comprised
four onc-bay frames in the transverse direction and two three-bay frames in the longitedinal direction.
An eccentric K-bracing system was placed in both directions. In the middle bays of the longitudinal

frames, the braces had an eccentricity of 6 inches and consisted of double angles 1 : x | ; x i inch at
the first and fifth 1o ninth floors, and consisted of double angies 1x 1x i inch at the second, third and

fourth floors. On the two cxterior transversal frames, the braces had an ¢ccentricity of 16 inches and

1

Xy inch for the upper seven stories and double angles 2x2x 3

consisted of double angles 1 ,l’ x1 i

l
2

1

inch for the lower two storics. For the girders, single angles 3x3 ; . inch were used to make an

X-shaped brace system. The floors were about 3 feet high cach, except for the first floor which was 4
feet high. The structure and its dimensions are shown in Figure 2.1, and the scale factors are tabulated

in Table T-2.1.

As a rulc of thumb, the fundamental period of a structure in seconds is close to one tenth of its
number of storics. There is no risk of resonance between the fundamental frequency of a stiff building
and that of the isolation system. For this rcason, basc isolation is well suited to low-rise buildings.
The center of gravity of a short building is relatively low and, thus, so is its overturning moment, so
that the clastomeric pads on which a hasc-isolated structure rests would always be in compression.
Very tatl buildings of more than 20 storics have a fundamental period above 2 seconds, and thercfore
do not nced to be basc isolated. Hence, there is a critical category of medium-size structures between
9 and 20 storics, for which isolation can be cffective but for which uplift can play a role in the
performance of the isolation system. The structurc simulated in the present cxperiment falls into this
category. Its fixed base fundamental frequency was 3.4 Hz, corresponding to 1.7 Hz in the prototype.
For this reason, it was well suited to examine the possibility of extending the concept of base isolation

further for medium risc buildings.



2. Mass Distribution

In order 1o introduce the desired inertia forces and overturning moment, concrele slabs were
attached to the frame girders. The distribution of the concrete weights was limited by the shaking
table load capacity of about 130 Kips and its overturning moment capacity of about 1,700 kip-ft. The
mass distribution is shown in Figure 2.1. The weight of the structure was about one kip per story, and
after  addition  of the concrete  slabs,  the weight  was  disiributed in a patem  of
1-9-9-9-9-13-9-9-92-13 kips, from top to bottom, leading 10 a totsl of about 91 kips for
the entire model. At the fourth floor, a slightly higher mass was provided 1o increase the overturning
moment cffect in the response. The large mass at the base simulates the bottom slab of a real building
which is generally heavy and rigid in order to distribute the vertical loads transmitted from the upper

stori¢s to the foundations uniformly.

3. Elastomeric Bearings

The idea of basc isolation was proposed many years ago. However, it did not become practical

until recent developments in the use of clastomers.

Rubber-like matenials have been widely used in engincering applications, for purposes other than
carthquake protection of buildings. Elastomeric blocks have been installed under bridge decks 1o
accommodate slow differential movements; they have found zpplication in the isolation of buildings
against high frequency vibrations caused by traffic and they have also been used as clastic foundations

for machinery and motors.

For the seismic protection of structures, clastomeric bearings have to fulfill diffcrent conditions. It
is commonly accepted that vertical components of carthquake motion are much less scvere in their
effccts than honizontal ones. Damage to a structure is mainly duc to amplification in the horizontal
direction. For this rcason, seismic isolation usecs clastomeric bearings that arc very stiff in the vertical
direction, but can accommodate large horizontal deflections.  Large vertical stiffness avoids the
amplification of rocking motion. Large horizontal flexibility causes the building to behave roughly as a

single degree of freedom oscillator in the horizontal dircction. Its motion will have a very low



frequency because of the large mass and tne low stiffness. By carcful design of the bearings in
relation to the mass of the building, this frequency can be brought to a value low enough to be outside

the range of frequency conient of carthquake cxcitation.

The pads uscd in this cxperiment were multitayered elastomeric bearings made of thin rubber
layers intericaved by thin steel plates. In the fabrication process, the rubber and stecl are bonded
together under high temperature and high pressure. The effect of the bond is a substantial increase in
the compression modulus {9, 10], which prevents the rubber from bulging when subjected to a vertical

load.

For the samc mass distribution on the model, yiclding 91 kips of total weight, two isolation
syslems using clastomeric bearings were used. A provious isolation system consisted of a sct of eight
filled rubber bearings provided by the Malaysiun Rubber Producers” Rescarch Association (MRPRA sct
#1), Hertford, England. Then sicel-teflon sliders were used under the four intemnal columns of the
structure and four natural rubber bcarings with cylindrical central holes were installed under the
corners.  The central holes were initially designed to lodge a lead plug in cach bearing to increase its
stiffness and damping and thus provide bener displacement control. In their present use, however,

tension devices were installed in the holes instead of the lead plugs.

Properties of the Elastomeric Bearings

The MRPRA sct #]1 bearings had a 5.75x5.75 inch squarc cross scction and consisted of 16
layers of rubber cach 0.21 inch thick, yiclding a total height of rubber of 3.4 inches, interlcaved by 15
siee! shims cach 0.06 inch thick. The two extreme plates at the top and bottom of the bearing were
cach 5/8 inch thick. A 1/16 inch thick protective layer of rubber was glued on their lateral areas
(Figure 2.2). These are uscd in real construction for the proicetion of the clastomer against external
factors such as firc and oil. Their measured vertical stiffness was around 420 k/in. at 1.6% vertical
strain and their horizontal stiffness around 1.1 k/in. at 60% shear strain. The shear modulus of the

elastomer was 100 psi.
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The nawral rubber bearings used with the sliders had a 5.75x5.75 inch square cruss section and
consisted of 6 layers of rubber 3/8 inch thick cach interleaved by 5 sicel shims cach 0.2 inch thick.
The top and bottom limiting plates were 1 inch thick. The bearings had 4 1.25 inch diameter central
hole. A L8 inch thick protective rubber layer was glued to their lateral surface (Figures 2.5 and 2.6).
Their horizontal stiffness was about 1.3 k/in. at 505 shcar strain. Elastomeric bearings do not have a
lincar force-deflection relationship and the non-lincarity increases with the level of strain and the
applied axial load. For practical purposcs, however, a lincar rclationship can be satisfactorily used.
When installed under the structural model, cach of the external bearings carried 9 kips while cach of
the intcrnal ones carricd about 14 Kips.

Results obtained from static rig tests for the clastomeric bearings at different axial loads and
different shear strain levels, are tabulated in Table T-2.2 and plotted in Figures 2.3 and 24. It is
noticed that the cffective stiffness drops with amplitude of excitation and with axial load. The amount
of damping in the bearings was also determined to be around 5% for both types. Typical hysteresis
loups for MRPRA sct #1 bearings and for the combined system while tested under the model are

shown in a later section.

4. Uplift Restrainers

The taller a structure is, the farger is it overturmning moment, and the greater is the risk of
inducing tension in its foundations. Since excessive tension could be destructive for multilayered
tubber hearings, a device was installed inside cach of the outer corner bearings, The role of the device
was (o conrrol uplift and horizontal drifi. The restrainer consisted of a short steel sice, ¢ and two steel
bolts. The bolts were connected to the two limiting plates of the bearing. The assemblage locks when
the bolts arc pulled a certain distance apart. Its tension capacity was about 18 kips. The horizonial
displaccment of the bearing at which the restrainer locks can be adjusted by appropriate tightening of
the bolts. The bekavior of the bearing is influenced by the presence of the tension devices only when
the deflection is large. At the level of horizontal displaccment corrcsponding to the locking of the

restrainers, the stiffness of the unit incrcases substantially. A tension device with its dimensions is
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shown in Figurc 2.7. A (ypical hystcresis loop for a natural rubber bearing cquipped with a tension

device is shown in Figure 2.8.

It should bc noted that the restrainer system docs not act as a sudden stop.  Although the
restrainer is cffectively rigid when it acts, the bearing can continue to displace horizontally by
shortening vertically, thus the normally low horizontal stiffness is replaced by a stiffness that is related

1o the much higher vertical stiffness.

5. Sliding Bearings

The basic components of a slider consisted of a teflon layer bearing against a stainless steel plate,
scc Figure 2.9. The 1wcflon layer had a thickness of about 1/25 inch, backed by a 1/2 inch thick layer
of Fabrecka™ pad bonded to a 1/8 inch thick steel plate. This component was mounted on a rubber
bearing constrained against horizontal movement. The stainless steel component consisted of a 1/32
inch thick stainlcss sieel mirror, point welded 10 a 1/8 inch thick sicel plate. Their arcas were 10x7

and 10.5x7.5 square inches, respectively.

The cocfficient of friction for the wflon-stecl units, as provided by the manufacturer, was about
5%, however, a separate testing of the sliders showed a higher coefficient of friction, namely around
17%. This caused concern about the isolation cffectivencss that would be provided by sliders of such
a high coefficient of friction, sincc the threshold of the base shear at which the sliding would start was
correspondingly increased. For this rcason, after the structurc was tested with the system described
above, the arca of the teflon was reduced from 6x6 o 4x 4 square inches. This was done since the
coefficient of friction of the teflon with other surfaces decreases with increased pressure in the material.
When the arca was reduced to 4 x4, the cocefficient of friction dropped to about 12%. The reason for
the discrepancy between the specified and measured coefficients of friction was mainly the effect of the

sliding .clocity and the pressure in the material.

The amplitude of travel of the teflon on the steel before it reaches the cdge of the plate, was 3

inches for the 4 x4 sliders and 2 inches for the 6x 6.,



6, The Combined Isolation System

In general, an isolation system consists of a group of devices mounted together in order to
decouple the building from the ground motien. The present system using 2 combination of ¢lastomeric

bearings, sliders, and uplift restrainers (Figure 2.10), was designed to fulfill three important goals:

(1) Providing Threshold for Base Motion. The friction of the sliders keeps the structure from
moving under wind loading and small carthquakes. The base shear must exceed a certain limit
in order to start sliding. This limit is proportional to the friction coefficient, and to the fraction
of the weight of the model carried by twc sliders. This wind restraint capacilty was
experimentally verified by applying earthquake signals of very small spans. Figure 7.6 shows the
base shear hysteresis loops for the Mexico City earthquake input at a horizontal span of 150;
very little relative motion was recorded for this level of excitation. By examining the Fourier
transforms of the corresponding floor accelerations (Figure 7.3), it was noticed that they were
similar to the ones for the fixed base case. The ability of an isolation system to ensure a certain
fixity for low level dynamic loading renders it practical and avoids unnecessary movement of the

structure when seismic isolation is not yct necded.

(2) Additional Stiflfness and Restoring Effect. Once the shear force that activates the sliders is
reached, their horizontal stiffness drops from a very large value to zero, causing an unrestrained
displacement. For this reason, sliders were combined with eclastomeric bearings that would
provide an additional stiffness. The force-deflection relationship of the combined system would
be theoretically bilinear with infinite initial stiffness, followed by a finite stiffness provided by
the rubber bearings, which are kept free to deflect horizontally, instead of the zero stiffness that
would otherwise characterize the sliders. This arrangement also ensures a restoring force that
will bring the structure to almost its original at rest location. A series of experiments performed
on a rigid block to study its sliding response under earthquake signals is described in reference
[11]. The large displacement offset that remains at the end of the signal shows the need for a
restoring spring. For the combined system, the base relative displacement time series under

different carthquakes are shown in Figures 7.16 through 7.19. It is noticed that the offset is



reduced to a practically negligible value.

(3) Conirol of Drift and Overturning. The presence of tension devices inside the bearings, limits
the horizontal drift of the base and the uplift of the columns. If a medium-rise building were 10
be base isolated. it would be essential to control its uplift; tension devices would prevent
ca . strophical overturning in the case of an unexpectedly severe carthquake. Also, they provide
stiffening as they come close to locking: this compensates for the softening of the rubber

bearings.

It is also worthwhile mentioning the inherent fail-safe capacity that the present system possesses. The
horizontal stiffness of rubber bearings decreases with shear sirain and axial load, and at a certain level
of axial load they become unstable. For this reason systems consisting of solely rubber bearings use
other accessories to provide fail-safe action on which the structure can depend in case of braring
buckling or bearing roll out. For the combined rubber-sliders system this problem is solved by having
the structure constantly resting on the sliders and when the base drift is very large some of the axial

load that was initially carried by the rubber bearings is transferred to the sliders.

The system, by combining sliders, elastomeric bearings, and tension devices, provides all the

functions needed for the seismic protection of a structure.
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Table T-2.1  Scale factors.
PARAMETER [ 1 scale —model
4 protatype
LENGTH L %
TIME vT %
: Rl
MASS L -
DISPLACEMENT | 1 %
ACCELERATION | 1 }
STRESS 1 }
STRAIN 1 %
FORCE Lt N
16
AREA L? L
1 15

Table T-2.2 MRPRA SET #1 bearings - static rig tests.
Change in effective stiffness with axial load and horizontal shear strain.

MRPRA SET # 1 BEARINGS - EFFECTIVL STIFFNESS

- 30°¢ shear strain 60°; shear sLrain 160°¢ shear strain
AXIAL LOAD (k.) Kpplkin) K.y (kint) Kpylkan ')

b) 1.48 1.11 -

10 1.44 1.08 09]

20 1.30 0.96 0377

30 L.15 0.84 0.62

40 1.00 0.69 0.42

45 0.95 0.64 -

50 0.95 0.54 -

60 085 - -
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MPRFRA # 1 RIC TESTS
CHAMNCE IN HYSTERESIS LQOP WITH AXIAL LOAD
1 INCH AMPLITUDE
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Figure 2.3a  Change of hysteresis loop with axial load (30% shear strain).
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Figure 2.3b  Change of hysteresis loop with axisl load (60% shear strain).
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MRPRA # 1 RIC TESTS
CHANCE IN HYSTERESIS LOOP WITH AXIAL LOAD
3.5 INCH AMPLITUDE

DISPLACIMENT INCIfES '
Figure 23¢  Change of hysteresis loop with axial load (100% shear strain},
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Figure 2.4 Change in effective stiffness with axial load and shear strain.
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CHAPTER THREE
TEST FACILITIES

1. Earthquake Simulator

The present experiment was conducted at the Earthquake Simulator Laboratory at the University
of California. The main facility is a shake table made of a 20x20x1 foot prestressed concrete slab
weighing around 100 kips. For the model used, the table efficiency dropped for frequencies higher
than 10 Hz. Vertical and horizontz) motions can be indcpendently applicd. This is realized by three
horizontal 50 kip and four vertical 25 kip hydraulic actuators. The actuators are located under the table
in @ 22x22x10 foo: pit. buill on massive foundations, and having a wall thickness of 5 feet.  Air
pressure of up to 4 psi can be crealed in the chamber underneath the table. This carrics the vertical

load of the table and the model and allows the vertical actuators to produce only the dynamic loads.

The total travel of the table is limited to 10 inches horizontally and 4 inches vertically. The tabie
velocities and accelerations are limited by the flow rate and the oil column resonance in the actuators,

respectively.

2. Input Signals

The signals used are derived from previously recorded carthquakes, stored as digitized
accelerations, They are described in chapter 5. Since the table is displacement controlled, these
accclerations are double intcgrated and converted from digital 10 analog before being applied to the

table actuators through the MTS table controller.

Exiensive work has previcusly been done on the repeatability of the table and its fidelity in
reproducing the signal as close to the original record as possible. The table motion characteristics are
not exaclly the same whether the table is loaded or not. Also, since the original accclerogram is
filtered below 0.1 and above 24 Hz before being applicd to the table, it may be more effective in
exciting very low and relatively high frequencies than is the table motion. Nevertheless, the main

characteristics of cach carthquake were satisfactorily prescrved.
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3. Data Acquisition System

The mzin component in the data acquisition systiem is a VAX 750 computer connected to a
$-100 minicomputer that performs a digital 0 analog conversion. After the conversion is done, the
command signal is sent from the §-100 to the MTS controller. The MTS controls the table

displacements interactively.

Each measuring device installed on the structural model was connected to a channel. The
channcls were read by a MULTIPLEXER that cenverts from analog to digital. The digitized rcadings

were then stored on the VAX 750 disk, then backed up on 9 track tapes.

The data acquisition capacity of the multiplexer is 50 KHz throughput and its burst rate is 300
KHz, in the sense that it scans the channels at the rate of 300,000 channcls per sccond, and can read

up to 50,000 samples per second from cach channcl.

A maximum of 256 channcls can be conngeted 10 a test model. In the present experiment, 128
channcls were connected and data was acquired at the rate of 200 readings per second on cach channel.

The data was then processed on the VAX 750 and SUN workstations.
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CHAPTER FOUR
INSTRUMENTATION

Accelerometers, potentiometers, and direct current displacement transducers (DCDT) were
installed on the model, and force measurement devices under the base. Since the strains were expected
10 stay in the elastic range, no strain measurements were made. Preliminary analyses provided levels
of response at which plastic deformations would be incipient. Nonlinear behavier can be detected by

examining the interstory drifts and comparing them with the deflections at which yielding would start.

1. Accelerations

Horizontal accelerations in the longitudinal direction were measured at each floor, at the vertical
plane of symmetry of the struciure. Nine accelerometers were mounted on the steel girders for the
upper nine stories, and one on the concrete block at the base level. On the north-east and south-east
columns of the structure, two accelerometers were installed to measure transverse horizontal
accelerations at the ninth floor. Another six accelerometers were mounted 10 measureé vertical
accelerations. Four of these were installed at the four outer corners of the base directly above the
isolation bearings. and the other two on the middle plane of the ninth floor girder. The locations of the

accelerometers with their channel numbers are shown in Figure 4.1,

2. Displacements

Displacements in the horizontal direction were measured at each floor using potentiometers. Nine
of them were mounted on the upper nine steel girders, at the vertical plane of symmetry of the
structure, on the north side. Since they were connected to a fixed reference frame external to the table,
they were recording floor absolute displacements. Fioor relative displacements, were obtained by
subtraction from the table displacements. At the base, however, two potentiometers were installed
between the outer north corners and the table. These measured base relative displacements at the

north-west and north-east sides. Their average was used in the study of the relative base displacement
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response. Another two potentiometers were mounted on the east side of the base, at 3 feet towards its
center, from the outer north and south coruers. They measured relative displacements in these
directions. Their average was used in determining transverse base relative displacements, and their
difference in examining torsional behavior. Displacements in the vertical direction were measured
using eight DCDTs. Four of them were installed at the four base outer corners and connected between
the top and bottom of the four external columns of the siructure, These were intended to record any
axial deformations. Another foer were mounted at the same locations in plane view, bul connected
between the table and the top of the four external columns. These were intended to measure iotal
vertical deformations at the outer corners. The difference between the two sets provided the vertical
deflections in the bearings. However, since it was noticed that the axial deformations in the steel
columns were negligible compared with the total vertical deflections, the lanter set of DCDTs was
directly used for bearing deflection calculations. They were also used to examine rocking movements

of the model. potentiometers are shown in Figure 4.2 and DCDTs in Figure 4.3.

3. Forces

Force measurements were performed at the base level only. The four eaterior bearings were
mounted on load cells capable of measuring axial, shear, and bending forces. Two load cells were
installed in parallel under each of the bearings at the outer corners. Single load cells were used for the
four interior sliders. These internal ones, however, did not record cither axial or bending forces due to
some instrumentation limitations. The static axial loads on the interior bearings were obtained by
calculation; since the measured axial loads carried by the external beatings were about 9 kips per
bearing, it was concluded that the internal bearings were carrying about 14 kips each. Equal
distribution of the axial loads among the outer bearings was achieved by careful shimming. Data was
recorded for static tests consisting of jacking and unjacking the structure at these individual locations.

Load cells locations and channel numbers are shown in Figure 4.4,

Table T-4.1 lists the channels assigned ta the various measurement instruments installed on the

model, with their functions. Note that channels 1 through 12 correspond to the shaking table



accessories.

The structure was also lested fixed base with no load cells under its columns and the channel

numbering was changed. The fixed base structure instrumentation is shown in Figures 4.5 and 4.6.

Figures 4.7-4.11 show some photographs of the instrumentation on the base-isolated model.



Table T-4.1

8-

Chanunel list for base isolated structure,

LIST OF CHANNELS FOR STRUCTURE ON:

COMBINED RUBBER-SLIDERS SYSTEM

- MALAYSIAN RUBBER PRODUCERS RESEARCH ASSOCIATION (MRPRA) SET #1

CHANNEL  NAME UNITS REMARK

1 hl disp inches table horizontal actuatorl displ.
2 h2 disp inches table horizontal actuator2 displ.
3 avg hacc G's table horizontal acceleration

4 avg vacc G's table vertical acceleration

5 pitch acc rad/sec? table pitch

6 roll acc rad/sec2 table roll

7 twist acc rad/sec2 table twist

8 vl disp inches north-west vertical actuator displacem.
9 wv2 disp inches north-east vertical actuater displacem.
10 v3 disp inches south-west vertical actuator displacem.
11 h span inches applied table horiz. displacement
12 hvel in/sec table horizontal velocity

13 nelax kips north-west load cell #1l/axial/bearing A2
14 nolsh kips north-west lecad cell #1/shear/bearing A2
15 nolmo kip-inch north-west load cell #1/momen/bearing A2
16 nozax kips noyth-west load cell #2/axial/bearing A2
17 no2sh kips north-west load cell #2/shear/bearing A2
i8 no2mo kip-inch north-vest load cell #z/mcmen/bearing A2
19 no3ax kips north-east load cell #1/axial/bearing Al
20 no3sh kips north-east load cell #l/shear/bearing Al
21 no3mo kKip-inch mnorth-east load cell #1/momen/bearing Al
22 no4ax kips north-east load cell #2/axial/bearing Al
23 noésh kips north-east load cell #2/shear/bearing Al
24 nod4mo kip-inch north-east load cell #2/momen,bearing Al
25 sodax kips south-east load cell #l/axial/bearing Dl
26 so4sh kips south-east load cell #l/shear/bearing Dl
27 so4me kip-inch south-east load cell #1/momen/bearing D1
28 so3ax kips south-east load cell #2/axial/bearing D1
29 so3sh kips south-east load cell #2/sheat/bearing D1
30 so3mo kip-inch south-east load cell #2/momen/bearing D1
31 so2ax kips south-west load cell #l1/axial/bearing D2
32 so2sh kips south-west load cell #1/shear/bearing D2
33 so2mo kip-inch south-west load cell #1/momen/bearing D2
34 solax kips south-west load cell #2/axial/bearing D2
35 solsh kips south-west load cell #2/shear/bearing D2
36 solmo kip-inch south-west load cell #2/momen/bearing D2
37 niZsh kips north-east load cell /shear /bearing Bl
38 niZmo kip-inch north-east load cell /momen/bearing Bl
39 si2sh kips south-east load cell /shear /bearing C1l
40 siz2mo kip-inch south-east load cell /momen/bearing Cl
41 silsh kips south-west load cell /shear/bearing C2
42 silmo kip-inch south-west load cell /momen/bearing C2
43 nilsh kips north-west locad cell /shear/bearing B2
44 nilmo kip-inch neorth-west leocad cell /momen/bearing B2
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LIST OF CHANNLLS FOR STRUCTURE ON:
- COMBINED RUBBER-SLIDERS SYSTEM
- MALAYSIAN RUBBER PRODUCERS RESEARCH ASSOCIATION (MRPRA) SET #1

CHANNEL  NAME UNITS REMARK
45 nel totax inches total axial deformation corner A2
46 nol parax inches column axial deformation corner A2
47 no2 totax inches total axial deformation corner Al
48 no2 parax inches column axial deformation corner Al
49 s02 totax inches total axial deformation corner Dl
50 so2 parax inches column axial deformation corner D1
51 sol totax inches total axial deformation corner D2
52 soZ parax inches column axial deformation corner D2
53 nel pdisp inches north lateral relative base displacement
54 sol pdisp inches south lateral relative base displacement
55 sol rdisp inches west longitudinal rel. base displacement
56 so02 rdisp inches east longitudinal rel. base displacement
57 1st hdisp inches Ist stery absolute horizon. displacement
58 2nd hdisp inches 2nd story absolute horizon. displacement
59 3rd hdisp inches 3rd story absolute horizon. displacement
60 4th hdisp inches 4th story absolute horizon. displacement
&1 5th hdisp inches Sth story absolute horizon. displacement
62 6th hdisp inches 6th story absolute horizon. displacement
63 7th hdisp inches 7th story absolute horizon. displacement
64 8th hdisp inches 8th story absclute horizon. displacement
€5 9th hdisp inches 9th story absolute horizon. displacement
66 no2Z vacc g's Base north-east corner vertical acceler.

Base north-west corner vertical acceler.
Base south-east corner vertical acceler.
Base south-west corner vertical acceler.
Base horizontal acceleration

lst story horizontal acceleration

2nd story horizontal acceleration

Jrd story horizontal acceleration

4th story horizontal acceleration

5th story horizontal acceleration

6th story horizontal acceleration

7th story horizontal acceleration

Bth story horizontal acceleration

9th story horizontal acceleration

9th story north vertical acceleration

9th story north. lateral horizon. acceler,
9th story south vertical acceleration

9th story south, lateral horizon. acceler.

67 nel vacc
€8 s02 vacc
69 sol vacc
70 base hacc
71 1lst acc
72 2nd hacc
73 3rd hacc
74 4th lhacc
75 5th hacc
76 6th hacc
77 7th hacc
78 8th hacc
79 9th hacc
80 nc vacc9
8l no pacc9
82 sC vaccH
83 so pacc9

OO oo0earaaaaa:
nnonunuwaonvwununrbnnnn



noi vacc (68

Figure 4.1

BASE ISOLATED

nec vecct 8c vaccy
1 i
9th hacc J_J’ t s
A
T -7
- =\ F ¥ o —f\ln plm9l®
| - b
8th hacc ¢ e ! e
II L \\
o\ R SN
\\ I‘* Ay
7th hacc : RS ~ 3 1,7 N\~
N BRI AN
! <\\ I S l\‘. v
6th haccs, (TN ~\ AR
+
- - - - - e — o+ — PR S — »
% f\ ~ :¢ L \
< \ ~ | ~
Sth hacc | I AN o \ [T
T T “ Ay
i v aliat it et & S el et S \
| LA \ -~ I - \
ath hacc(z] RSN S 12 S
-l _—3
Y
--- —-f:-—-\“—-*\— - -———:{ \
[ SN LV e \
3rd hacc g3 v, sy ~ l: N
7 1 T
- - *-lk::—'\'“i*' - 'k'ﬁ\ \
,'l A \\ t L \
2nd hacc (7. :, \\[ N I,’ N~
- e an Y b - -— - — - e — ‘
|4\ 73 T'— ke \
1 \/\\ | ~ s
1 N T~ :1.' BN
! 1
ist acc | # M N o2 'vaee X
i)
i ::'f:::::'1'::_:::| \
! | ~
B9 no1 vace =0l vacc @
base hace |—— i
I
Location and channel numbers of

accelerometers on base isolated structure.

BASE ISOLATED

| v, | €9 9en haiep
I/I X s
—
TR Sy - -t |
[ SR B ~ S @Bthhdiﬂ"
FER ~ ] , i
‘J 2 I_. - .
T T —X
—--IL_-H.\—-‘,- - — — K .
NN 58 L~ , €37th hessp
1 =~ ’ =
Lok =N 1 lI \-
+ + T
RS A W S ]
I SR I t~ ., G2bth hdisp
y S~ ~ | — s
PR tn VAN
’— | "L“\ 1 -~ “_@‘St.h hdisp
- ~ } e
[ ~% 1 4 -~
I T “ \
F -t - TN L @
A RN ~ P T . ath hdisp
N [N 4 [ A~
. .
ISR MY S\ R
R M 1"~ (593rd hdisp
. s\\ -~ [ =
ll Y + \\
” A} t \
DT FR 0 N
. '\-[f‘ ¥ f‘.__!n_d_hdllp
';l |,I ~
% - 1 A
AREVAN 1~ . 6D 15t hdisp
2 ’
] ~
-——"/‘A T 502 rdisp
. 8 |
I S ' sol rdisp
Qe
4 |
nol pdisp a0l pdisp

Location and chaanel numbers of
potentiometers on base isolated structure.



-28-

BASE ISOLATED

$0] Totax

AL h sol parax
&
&)

A

|

&
1

nol parax
nol tota

nol totax

-~ 7 - - - - - - -
PR ] PRl PRVl PR A VL ] PR S . -
. r r ' e r r
n i 4 i 2 F I
\z‘ AN AN AT BN VLY BN @0 |
e o R R e T/\lllyn-lﬁﬂnmia
t | 1 ' 1 [ 1 I s
| | 1 i | ! 1 S A 1
7 ~N
1 f | \_ g v Y 1 f t wmi n_“
AR AN <A A S A S o \.\._
/ Y ’ ’ ! / 4 1 0
PaN TN PN PN PN RN AN Py N .Y
t ¥ e t + T ¥ LA S
G R R \u; Ll \m\ X \\\.. , \\\ MR
v 'lr, .\.\.. vl ol Sle e, T
Ty iv | iy v T iy iy AL
[N I I IR BN I TEAR N I B P B A h [
RSN VIR I R S AU L VAN S £ S el
( | | I | 1 | 1 TR
! | ) 1 ; 1 | 1 € | |
] 1 | oy |
_ i 1 1 | I { 1 ._@
) ] I
| | 1

Location and channe! numbers of DCDTs on

base isolated structure.

Figure 4.3



ni2mo siish

f— g

—
“——- i —— - —— !

— ) —— e —

&9
ni2sh s12mo soash@
@-’ soi!mo@—
]
!
|
i
|
|

l
|
I
|
[
l
|
L

Figure 4.4

so02ax1
nilmo silsh sonh@_
nilsh silmo so2mo®_

solsh@—
solmo®—A

Location and channel numbers of load cells under base isolated structure.



=

—
pe

@

!

8cth disp

.
.

Sthw disp
3rd disp

~

-
AY

@ nd disp
<

AY
A}

@‘lih disp

»

A
&
-~

»
s
’
s

T
1
1
Y
|
'I
v,
.
+
_-1"\
1
! e

S

pthe dlep

|-t
-l-=-x

-

-~
-
-
~

[
SNER

N\

~- 1<

FIXED BASE

e = f = - 1V

_— -\ -k - -

11
[l
(]
11

B~

\

Y
‘\. 9ts acc

»>
s’

t
—k

—--f‘\

3

hY
-

- “"#‘

1]

\9tn ace
i

FIXED BASE
¥
I

9th accy
8th acc
Tth aceq
éth accfy
Sth acc(7
Ird accfys
ind acc(id

potentiometers on fixed base structure.

Location and channel numbers of

Figure 4.6

accelerometers on fixed base structure.

Location and channel numbers of

Figure 4.5



Figure 4.7
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Transversal (north) frame of the structure
showing horizontal accelerometers.

Figure 4.8

North-east corner: rubber bearing on load
cells, potentiometer measuring total vertical
deformation, accelerometer measuring
vertical base acceleration.
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Figure 4.9 Side view of north rubber bearings.

Figure 4.10  Three channels of a corner load cell measuring axial,
shear, and bending forces.
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CHAPTER FIVE
TEST PROGRAM

1. Table Motions

The table motions uscd were derived from cight different carthquake records. Horizontal and
vertical excitations were applied scparately and simultancously at spans ranging from 50 to 425, where
a span of 1000 corresponds to the maximum table displacement (+5in. horizontal, 22 in. vertical). But
almost all inputs consisted of a horizontal component only. No rotational excitations were applied to

the structure,

The signals used were the El Centro 1940, s00¢; the San Fernando Pacoima Dam 1971, s16e; the
Parkficld 1966, n65¢; the San Francisco (Golden Gate Park station) 1957, s80¢; the Taft (Lincoln
School Tunnel station) 1952, s69c; the Mexico City 1985, s60e: the Bucharest (Romania) 1977, sO0e:
and the Miyagi-Ken-Oki (Japan) 1978, w00s horizontal componcnts. Before being applicd to the table,
the original records were filtered (frequencies below 0.1 Hz and above 24 Hz were removed) then time
scaled by ¥4 10 maintain similitude. In the following description, the signal duration refers to the

duration of thc table movement, not to the actual carthquake.

Table displacement and acceleration time histories corresponding 1o these earthquake signals, their
Fourier transforms, and their displacement, pseudo-velocity and pscudo-acceleration response spectras
for damping values of 2%, 5%, and 20% are shown in Figures 5.1-5.8. The period range was between
0.1 and 10 seconds for the displacement response spectra and between 0.1 and 5 seconds for the
pseudo-acceleration and pseudo-velocity. The eight inputs inciude earthquakes of varied frequency
content, durations and intensities. For instance, the El Centro component has a relatively wide range
of frequencies (between 1 and 5 Hz), and consists of about five significant cycles. It is commonly
used by structural engineers and is considered a typical California earthquake record. When run at 375
horizontal span, the table peak acceleration and peak displacement were around 0.7 g and 2 inches,
respectively. The Mexico City component is a low frequency, long duration (34 seconds) input. As

can be seen from Figure 5.2a, significant spectral amplitude is shown at 1 Hz to 2 Hz. The table
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signal consists of two sets of several cycles over a very long duration. When run at 375 horizontal
span, a peak acceleration of 0.18 g was produced on the table, and the peak displacement was about 2
inches. Throughout the testing program, the Mexico City record was the most severe input for base
isolation systems. The Bucharest record had relatively low frequency content (1 to 3 Hz) and short
dusation. It consisted of uniformly decreasing and uniformly spaced displacement cycles. At 300
horizontal span, the peak 1able acceleration and displacement were about 0.27 g and 1.6 inches,
respectively. As for the Miyagi-Ken-Oki signal, the peculiarity was the large amount of energy at
around 2 Hz. The Parkfield signal provided a good test of the re-centering effect in the system, since
the 1able displacement time history for this signal consists of a large sway in one direction followed by
small cycles. The signal is of medium duration with relatively wide spread frequencies. When run at

350 horizontal span, the peak table acceleration was around 0.4 g.

The highest frequency content was provided by the San Francisco signal. It consists of one pulse
of very large acceleration, followed by a slow large sway. At a horizontal span of 200, the table
acceleration reached 1.2 g. The table acceleration Fourier transform shows large spikes at about 5§ Hz
and up to 8 Hz. The duration of the signal is very short (about 10 seconds). The San Francisco input

signal caused large base relative velocities able 1o activate the sliders at low spans.

This wide variety of input signals enabled different aspects of the isolation efficiency ot the

slider-bearing system to be studied.

2. Test Sequence

Table T-5.1 shows a complete chronological listing of the tests. They are identified by file names
indicating the date of the test as year, month and day, followed by a sequence number. File names
occupy the first column in Table 5.1. Column 2 shows the short names of the signals, they are self
explanatory except "sct” which corresponds to the Mexico City earthquake of 1985. The third column
lists the duration of each signal in seconds. The rate of data acquisition is shown in column 4,
expressed as a fraction of a second between two consecutive readings. It was set to 0.005, which

comesponds to 200 readings per second. The span of the table motion occupies column S, The



geometric scale occupies column 6.

Since, 10 the knowledge of the authors, the new combined system had not been tested before, the
sequence was started with low span sinusoidal signals. These were, however, unable to activate the
sliders. The San Francisco signal for 50 and 100 horizontal spans was used next. It was noticed at
this point that the coefficient of friction of the sliders was rougkly 17 % which is about three times the
value provided by the manufacturer. A detailed study of the coefficient of friction and its variation
with velocity and axial load is presented in Chapter Six. The next table input was El Centro 150
horizonal span. The span was gradually increased 10 350. In berween, a test including the El Centro
vertical component at 300 span was run. The vertical component was expected to introduce variations
in the response since it affecis the sheur resistunce of the sliders by changing the apparent weight of
the structure. However, no sigmficant difference was noticed. This was due to the decrease in the
friction coefficient with increased pressure, resuiting in a relatively constant resisting shear. Then, the
entire series of earthquakes mentioned in the previous section was run at this level of horizontal

displacement.

Because of the high coefficient of friction for the 6x6 inch sliders, the base shears were very
high. Correspondingly, the model accelerations were relatively high. Since the coefficient of friction
of the teflon-steel drops when the pressure in the teflon increases, the dimensions of the sliders were
reduced to 4x4 inches. These were tested separately on a static rig before installation. For a pressure
of around 900 psi and velocities between 1 and 10 inssec., the average coefficient of friction was

around 12 9%.

The tension devices installed in the bearings did not engage because the displacements were
decreased by the presence of the sliders. The initially allowed horizontal displacement of 2.25 inches
was reduced to 1.75 inches by tightening the restrainers from 0.8 inch to 0.5 inch slack. This was
done prior 1o the 861119 file series. Locking of the restrainers occurred for a low frequency, large
displacement Mexico City input at 375 horizontal span. The locking effect on the base shear stiffness

is shown in Figure 7.36 (right).
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Throughout the entire test sequence, no significant damage of the teflon was noticed. However,
some conclusjons were drawn about the durability of the teflon sliders. A thin white film due to
wearing of the teflon was noticed to appear on the stainless steel after repeated testing. It was
periodically removed and the system retested. No difference, however, was noticed in the structural
response. Under a real building awaiting an earthquake, the sliders are not expected to be used over
periods of many hours as they were during the test program. For this reason, the durability of the

sliders was considered very satisfactory for their purpose.
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Test program: listing of test runs.

NINE STORY STEEL MCDEL WITH K-BRACING
MASS DISTRIBUTION SHOWN IN FIGURE 2.1
TCTAL WEICHT OF STRUCTURE 91 KIPS

BEARINGS:

(MRPRA)

MALAYSIAN RUBBER PRODUCERS RESEARCH ASSOCIATION
SET # 1

FILENAME

861015.01
861015.02
861015.03
861015.04
861015.05
861015.06
B851015.07

comment:

B61015.08
861015.09

FILENAME
861016.01
861016.02

comment .

861€16.03
8€l101¢€.04
861016.05
B61016.06
B61016.07
861017.01
861017.02
861017.03
861017.04
861017.05
861017.06
861017.07
861017.08
B61017.09
861017.10
861017.11
861017.12
861017.13
861017.14
861017.15
861017.16
B61017.17
§61017.18

static
static

SIGNAL.
static
static

static
static
ece
ec2
ec?2
sf2
ec?
bucl
pac2
park?2
taft2
pac2
park2
park2
ec2
sf2
sf2
taft2
taft2
pacz2
bucl
bucl
random0.d

15 secs
15 secs

TIME
15 secs
18 secs

15 secs
15 secs
19 secs
19 secs
19 secs
12 secs
19 secs
12 secs
12 secs
14 secs
19 secs
12 secs
14 secs
14 secs
19 secs
12 secs
12 secs
1% secs
19 secs
12 secs
12 secs
12 secs
35 secs

. 005
.005

.01
.01

RATE
.01
.01

changed shims and jacking again.

01

.01

. 005
. 005
.005
.005
. 005
.005
.005
.005
-005
.005
.005
.005
.005
.008
.005
.005
.005
.005
.005
.005
.005

static tests were performed for shimming
by jacking and lowering at individual
locations and collecting data for axial load.

south end 1ift

REMARKS

-north end lift

south end lift
nerth end l1ift

nerth end 1lift
south end 1ift

sph=150
sph=150
sph=150
sph=150
sph=225
sph=15¢
sph=15¢C
sph=150
sph=15¢
sph=225
sph=225
sph=250
sph=250
sph=225
sph=250
sph=225
sph=250
sph=250
sph=225
sph=250
sph=300

ts=1/4
ts=1/4
ts=1/4
ts=1l/4
ts=1/4
ts=1/4
ts=1/4
ts=1/4
ts=1/4
ts=1/4
ts=1/4
ts=1/4
ts=1/4
ts=1/4
ts=1/4
ts=1/4
ts=1/4
ts=1/4
ts=1/4
ts=1/4
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FILENAME SIGNAL TIME RATE REMARKS
861021.01 ec2 19 secs .005 sph=150 ts=1/4
861021.02 ec2 19 secs .005 sph=250 ts=1/4
861021.03 randem30.d 35 secs .005 sph=300
861021.04 random30.d 35 secs .005 sph=600
861021.05 random30.d 35 secs .005 sph=900
B61021.06 ec? 19 secs .005 sph=150 ts=1/4
B61021.07 sf2 12 secs .005 sph=150 ts=1/4
861021.08 pac2 12 secs .005 sph=150 ts=1/4
B861021.09 park2 14 secs .005 sph=150 ts=1/4
861021.10 taft2 19 secs .005 sph=150 ts=1/4
861021.11 sf2 102 sec .005 sph=250 ts=1/4

comment: the following signals were run at low spans
because the rigid body mcde was at 0.75 Hz
almost in resonance with first sloshing
mode of water tank mounted on structure.
Pata mainly collected for water tank.

861023.01 ec? 19 secs .005 sph=50 +ts=1/4
B61023.02 ec2 19 secs .005 sph=75 ts=1/4
B61023.03 ecl 19 secs .005 sph=70 ts=1/4
B61023.04 sf2 12 secs .005 sph=50 ts=1/4
861023.05 sf2 12 secs .005 sph=150 ts=1/4
861023.06 sf2 12 secs .005 sph=75 ts=1/4
861023.07 pac2 12 secs .005 sph=50 ts=1/4
861023.08 pac2? 12 secs .005 sph=75 ts=z=1/4
861023.09 park2 14 secs .005 sph=50 ts=1/4
861023.10 park2 14 secs .005 sph=75 ts=1/4
861023.11 taft2 . 19 secs .005 sph=50 ts=1/4
B61023.12 taft2 19 secs .005 sph=75 ts=1/4
B61023.13 bucl 12 secs .005 sph=50 ts=1/4
861023.14 bucl 12 secs .005 sph=25 ts=1/4
861023.15 sct 35 secs .005 sph=25 ts=1/4
861023.16 sct 35 secs .005 sph=50 ts5=1/4

SLIDINGC BEARINGS, RUBBER BEARINGS. AND TENSION RESTRAINTS
COMBINED AS A NEW ISOLATION SYSTEM.

FOUR INTERIOR BEARINGS WERE 6X6 TEFLON-STAINLESS STEEL SLIDERS
FOUR CORNER BEARINCS WERE NATURAL RUBBER BEARINGS WITH TENSION
DEVICES IN CENTRAL HOLES.

FILENAME SIGNAL TIME RATE REMARKS
861028.03 static 15 secs .01 south end lift
861028.04 statlic 15 secs .01 north end lift

comment: some sine signals were applied before the following
sories. No sliding. Since expected high relative
velocities to cause sliding, started with San Francisco
high frequency record.



861029,
861029.
861029,
861029,
B61029.
861029.
861029.

EILENAME

861030.
861030C.
861030.
861030,
861030.
861030,
B61030.
861030.
861030.
B61030.
861030.
861030.
B61030.
86103C.
861101.

01

FILENAME

861105.
861105.
861105.
861105.
£61105.
B61105.

01
02
03
04
05
oe

comment :

INSIDE

861117,
B61117.
861117,
861117.
861117.
861117.
B861117.
861117.
861117.
861117.
B61117.

BEARINGS WERE 4X4 TEFLON-STAINLESS STEEL SLIDERS.

06
07
08
09
10
11

EFILENAME

861118,
B61118B.

01
02

manufacturer.
to lower it,

sf2
sf2
sf2
sf2
sf2
ec?
ec?

SIGNAL
ecd
ec?
ec2
ec?
ec?
miyagi
park2
taft2
bucl
bucl
pac2
pac2
sct
sct
ec?

SICNAL
s5Ct.0
sct.o
sct.o
ecatc.sl
ecatc.sl
taftatc.si

ec?
ec2
ec2
ec2
ec?
ecld
sct.
sct.
sct.
sct.
ec?

o00aQo0

SICNAL
ec?
sct.o

secs
Secs
5ecCs
secs
secs
secs
secs

TIME

secs
S5ecs
secs
secs
secs
Secs
Secs
secs
secs
sSecs
sSecs
Secs
secs
secs
sSecs

TIME

34
34
34
23
23
23

1%
19
19
19
19
19
34
34
34
34
19

secs
5ecCs
Secs
secs
secs
secs

S5ecs
Secs
Secs
SecCs
Secs
Secs
secs
SecCs
sSecs
secs
sSecs

TIME

19
34

secs
sSecs

.005
.005
.005
.005
.005
.005
.Q05

RATE
. 005
.005
.005
.005
.005
.005
.005
.005
.005
.005
.005
.005
.005
. 005
.005

RATE
. 005
.005
005
.005
.005
.005

.005
.00S
.00s
.005
.005
.005
.005
.005
.005
.005
.005

RATE
.005
.005

sph=50

sph=100
sph=150
sph=200
sph=150
sph=150
sph=200

REMAKKS
sph=200
sph=250
sph=300

ts=1/4
ts=1/4
ts=1/4
ts=1/4
spv=150 ts=1/4
ts=1l/4
ts=l/4

ts=1/4
ts=1/4
ts=1/4

sph&v=300 ts=1/4

sph=350
sph=350
sph=350
sph=350
sph=250
sph=300
sph=350

ts=1/4
ts=1/4
ts=1/4
ts=1/4
ts=1/4
ts=1/4
ts=1/4

sph&v=350 ts=1/4

sph=150
sph=250

ts=1/4
ts=1/4

sph&v=300 ts=1/4

REMARKS
sph=300
sph=350

ts=1/4
ts=1/4

sph&v=350 ts=1/4

sph=250
sph=300
sph=300

by inspection of base shear nysteresis loops,
it was noticed that the coefficient of friction
was about 5 times the one provided by the

It was around 20 %.
it was decided to increase the
pressure on the teflon by reducing its area to
4X4 inch.

In order

sph=150
sph=200
sph=300
sph=1350
sph=400
sph=425
sph=200
sph=300
sph=350
sph=375
sph=150

REMARKS
sph=150
sph=400

ts=1/4
ts=1/4
ts=1/4

ts=1/4
ts=1/4
ts=1/4
ts=1/4
ts=1/4
ts=1/4
ts=1/4
ts=1/4
ts=1/4
ts=1/4
ts=1/4

ts=1/4
ts=1/4



comment:

comment :

861119.
861119.
861119.
861119,
861116.
861119.
861119.
861119.
861119.
861119,
861119.
86111895.
861119.
861120.
861124.
861124,
861124,
861124.
861124.
B61125.

ec2

ec?

ec?

sct.o

bucl
miyagi
pac?
park2

sf2

taft?
taftatc.sl
ecatc.sl
ecl

ec?
random30.d
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sguare pulse

sf2
pac?
Sct.o
sct.o

19 secs
19 secs
19 secs
34 secs
12 secs
12 secs
12 secs
14 secs
13 secs
19 secs
23 secs
23 secs
19 secs
19 secs
32 secs
15 secs
13 secs
12 secs
34 secs
34 secs

NINE STORY STEEL MODEL WITH K-BRACING
MASS DUSTRIBUTION IN FIGURE 2.1
TESTED FIXED BASE

.005
.005
.005
.005
.005
.005
.005
.005
.005
.005
.005
.005
.005
.005
.005
.005
.005
.005
.005
.005

freedom.

oscillators were installed on the third floor
accelerations recorded.

sph=300
sph=350
sph=375
sph=375
sph=300
sph=350
sph=350
sph=350
sph=200
sph=350
sph=325
sph=325
sph=150
sph=150
sph=100

the displacement contreol provided by the sliders
was such that the restrainers were not locking
at their initial adjustment of 0.8 inch which
allowed 2.25 inch herizontal
Tension restaints were thus tightened to 0.5 inch
bolt travel corresponding to 1.75 inch
horizontal freedom.

and their

ts=1/4
ts=1/4
ts=1/4
ts=1/4
ts=1/4
ts=1/4
ts=1/4
ts=1/4
ts=1/4
te=1/4
ts=1/4
ts=1/4
1ts=1/4
ts=1/4

sph&v=250 ts=1/4
sph&v=350 ts=1/4
sph&v=350 ts=1/4
sph&v=350 ts=1/4

B70622.
870622,
g70622.
870622.
870622.
870623,
870623.
870623.
870623.
870623,
870623.
870623.
870623.
870623.
870623.
870623,
870623.

randem30.d
ec2 18
ec? 18
ec? 18
ec? 18
sf2 12
sf2 12
sf2 12
sct.o 32
taft2 18
park2 12
pac 12
bucl 14
bucl 14
miyagi 12
miyagi 12
random30.d

secs
secs
sSecs
secs
secs
secs
sSecs
secs
secs
Secs
s5ecCs
Secs
secs
secs
Secs

32 secs .

.005
. 005
.005
.005
.005
.005
.005
. 005
.005
.005
.005
. Q005
.005
.005
.005
32 secs

int=
.005

.01
.000905

int=.02
sph=50

sph=100
sph=75

sph=125
sph=50

sph=75

sph=100
sph=100
sph=100
sph=125
sph=125
sph=150
sph=175
sph=150

sph=250

sph=175

int=.02 sph=350



-2

0.8
0.6
0.4
0.2
0.0
-0.2
-0.4
=0.6
-0.8

TABLE DISPLACEMENT inches

A A A

L 10 i$ 0

time pec.

TABLE ACCELERATION g's

0.5

0.4

6.3

6.1}

e.0

0.035

0.030

0.025

0.020 |
0.015 ¢
0.010 }
0.005 |

DISPLACEMENT FFT

X .

o L] 10 15

freq He.

ACCELERATION FET

freq He.

Figure 5,18  El Centro 1940 s00e, span=375, PTA=0.73 g,



43

ol 1Y secs .00 aph=)7) weise

1800 .00

UO[II3[2009-OpnIe
(z390/uy)

AyoppA-opnasd
(338 /uy)

.00

1%.0¢

.00

uawwdayg

(u1)

10

Period (sec)

Figure $.1b  Response spectra. El Centro 1940 s00e, span=375, PTA=0.73 g.



0.1

TABLE DISPLACEMENT inches

—

W n.mﬂﬁmﬁ,

A A L 5 A

$ 10 15 20 b <] k.
time sec.

TABLE ACCELERATION g's

i

& A r A A A

s 10 15 20 S »
tise sec.

Figure 5.2a

0.5

DISPLACEMENT FET

0.2}

0.15
0.10

e

X . -

T

0 S 10

0.03

ACCELERATION EFT

15
freq He.

0.030 }
0.05 +
0.020 }
0.015 }
0.010 |
0.005 L

Aa

Mexico City 1985 s60e, span=375, PTA=0.18 g.

15
freq He.



-35-

act.o 3 sucs 008 gpne)YS Temlse

20/
comsrennn 50
s aman 20('(

o0 _8

(in/sec?)
Passudo-acceleration

L8 [}

300.00

S0 00

(in/eec)
Poeeudo-velocity

il

(in)

Displacement

Period {sec)

Figure S.2b  Response spectra. Mexico City 1985 s60e, span=375, PTA=0.18g.



2.0
1.5
1.0
0.5

TABLE DISPLACEMENT inches

DISPLACEMENT FFT

0.40

LAY

0.35 }
0.30

——

MINAAR |

0.05 -’J

L ]
»
o

tine pec.

TABLE ACCELERATION g's

Bucharest 1977 s00e, span=300, PTA=0.27 g.

. A L o-o b . § b
8 10 12 [s] S 10 15 25
freq He.
ACCELERATION FET
0.025
0.020
0.015 L
0,010 }
0.005 |}
0.0 —
) S 10 15 25
freq He.

-97.



-47-

bucl 12 eece 303 aph=I00 TH*L/4

0t .08
= ————— 200
........ 50¢
.g 20("
. ........ (/
ol
§%
T4
=)
v
-
)
-
a.an
0 1 2 3 4 [ 3
$0.00
2
_ £
[ 1]
{3
£3
— ¥
B
#.00
0 1 2 .| 4 1 3
18.88

-

e

E $.00
i

x .

a

.0 .
1] 3 4 L] ] 10
Period (sec)

Figure S3b  Response spectra. Bucharest 1977 500¢, span=300, PTA=0.27 g.



TABLE DISPLACEMENT 1iuches

2

1 o

. N\ A/\/\A. Jay

N vy LA A AV AT
-1 #
_z 1 A - A, I3 A
0 2 4 6 8 i0 12
time ec.
TABLE ACCELERATION g's

0.4

003 r

0.2 }

0.1}

0.0
-001 o
-°03 -
-°|3 "
-o.‘ ) j A v A

L] 2 4 6 8 10 12
tinn sec.

0.4

0.3 }

0.2

0.1

0.0

0.06
0.0s

0.04

.03 ;

¢.02 ¢

0.01

9.0

DISPLACEMENT FET

H
b

. a— -

10 15 20 a5
freq He.

ACCELERATION FET

10 15 20 a5

Figure S.4a  Miyagi-Ken-Oki 1978 w0(s, span=350, PTA=0.33 g.

-Sv-



Slveq: 11 sews 003 EISE temlfe

s00.00
—_— 20
L S 5°¢
= -..~»2ﬂ‘(}'
a
=%
§ g
&g
£ &
~—
2
B
v.00 :
o 1 2 3 4 5
50.00
By
73
3
£
-
9. 90
0 1 2 3 4 §
s.00
'i
o IE f\'\
[~ - [N - ——
g N ‘\Jl \\-” e ———— -
— g T . -
:_E’ - 4\4 ’ -
£ .
n s
..00 *
0 2 4 e ] 10
Period (see)

Figure S$.4b  Response spectra. Miyagi-Ken-Oki 1978 w00s, span=350, PTA=0.33 g.



2.0
1.5
1.0
0.5
0.0

0.5 |
1.0 }

-1.5

0.6
0.4
0.2
0.0
-0.2

-0.4

TABLE DISPLACEMENT 1inches

[ “ N —_ "

[ ]

0 2 4 6 10 12

tise sec.

TABLE ACCELERATION g's

tims sec,

.020

015 }+

010 ¢

005

DISPLACEMENT FFT

0.5

0.4 ¢

0.2 4

0 |

0.0

- - ) 0 ) =

10 15 20 a5
freq He.

w b

ACCELERATION FFT

0.0

!m He.

Figure $.5a  Pacoima Dam 1971 slée, span=350, PTA=0.49 g.

-Og-



Si-

pacl 11 pacs . 803 ephelSs gpey sy

1800 &
—_— 2
S I [ %
L 207
o
& 1
O J
o) soe.e0
§ 4 |
)
£®
Tk
-9
.0
4 &
s0.e0

(in/sec)
Paeudo- velocity

-
[
[ 5
.. E
e &
= &
y-1
2
a

o 2 4 [ ] » 10
Period (sec)

Figure $5b  Response spectra. Pacoima Dam 1971 s16e, span=350, PTA=0.49 g,



2.0

1.5

1.0

0.5

0.0

0.3
0.2

0.1}

°0°
=0.1

-0.3
0.4
-0.5

TABLE DISPLACEMENT inches

A AI\AMA\

V Vv
& 8 10 12 14
time sec.

TABLE ACCELERATION g's

I i I i A

6 8 10 12 14
time pec,

0.25

0.20 |

0.15

0.10 |

0.05

0.0

0.014
0.012
¢.010

0.008 |
0.006

0.004
0.002
0.¢

DISPLACEMENT FET

et

T T — '

5 10 15 20 25
freq Hz.

ACCELERATION FEFT

b

i i A A

S 10 15 20 25
froq B,

Figure S.6a  Parkfield 1966 n6Se, span=350, PTA=0.41 g

.ZS.



parid 14 sece .00S sphallt tmi/4

000
2%
——— 5%
; --------- 2077
"
5
£
-9
»_ob ——
4 b
.0
o)
=
R
E -i 15.90
£3
a.
8.00
5o
-
£
v
£ 4
B J
Q M
.00 a
0 2 4 ¢ ] 10
Perlod (sec)

Figure 5.6b  Response spectra. Parkfield 1966 néSe, span=3I50, PTA=0.41 g.



TABLE DISPLACEMENT inches

1.0
0.5 }
0.0 n Ay
1.0}
-1.5 b : . . \ . ,
) 2 4 6 8 1w 12 14

timms sec.

T."BLE ACCELERATION g's

Figure 5.7a

0.2 ¥f

0.25

0.20

0.15

0.10 f

0.05

0.0

0.0%

0.025

0.020 |

0.01S

0.010 |

0.005 |

0.0

DISPLACEMENT FET

e 1 T A

o
n

10 15 0 25
freq Hz.

ACCELERATION EET

freq Hz,

San Francisco 1957 s80e, span=200, PTA=1.20 g.

-vs-



-55.-

812 1) sece .805 sphajes wwl/y

[ -]
3
[
n
I
* g 1000 .08
il
£ $
— D
8
By

(in/sec)
Pseudo-velocity

4.00

(im)
Displacement

Figure $.7b  Response spectrs. San Francisco 1957 s30e, span=200, PTA=1.20 g.



2.0
1.5

1.0}
0.5 |

0.0
-0.5
-1.0
-1.5

0.8
0.8
0.4
0.2

-0.2
-0.4
'0.6
-0'.

TABLE DISPLACEMENT inches

DISPLACEMENT FET

Q.4

0.3

A1 o2

T o wiy

N

L Moy
"\/\./VW

TABLE ACCELERATION g's

10 15
freq Hz.

ACCELERATION FFT

a5

0.0

0.025
0.020 }
0.015 L
0.010 L

0.005 |

0.0

Figure 5.88  Taft 1952 s69¢, span=350, PTA=0.72 g.

10 18
freq He.

25

.9 g-



.57-

CAt2 1¥F peca 085 sph=IS0 wael/d

1000. 00
— 2%
reemeeee 50
-] aeeseenan KT
1] 2078
-
"
—~
-.-;E _:
800.9¢
<
£3
2
¥
-7
9.90
30.00

(in/sec)
Paeudo-velocity

o.00
o 1 2 a 4 [
16.60
-
E s ¢
E
CER
= 2
[-3
L
a -
.00 —
o 2 4 e 8 10
Period (sec)

Figure 5.8b  Response spectra. Taft 1952 569¢, span=350, PTA=0.72 g,



CHAPTER SIX
STATIC TESTS FOR SLIDING BEARINGS

1. General

Teflon sliders have been used in bridges and other structures 10 accommodate changes in member
dimensions due to temperature and shrinkage cffects. Since these movements are very slow, no
conclusions have been drawn about the performance of sliders under eanthquake loading, In the
present experiment, sliders were combined with elastomeric pads, mounted under the structural model
50 that their behavior under carthquake loading could be better understood. In parallel with the shake

table tests, the sliders were tested separately on a static rig to study their characteristics in more detail.

Of great intcrest, was the variation of the cocfficient of friction p, with the pressure in the

material and the velocity of sliding. Generally, p increased with velocity and decrcased with pressure,

Changes in p with the tcmpcraturc and the cleanliness of the contacling surfaces arc also a
subject of interest and should be further investigated. [n this experiment, however, these two factors
were not studied since for sliders used in base isolation, the duration of activity is not long enough to

make tempcrature changes a primary concern.

Wear of the slider would be an important topic in applications where a very large number of
cycles is expected. This is not the case for an carthquake excitation. However, some results were

drawn from repcated lesting.

Previous work has been done on teflon sliders in different test conditions [12], [13]. In [12], the
signal used was generated by the motor of a bulldozer and hence was not characterized by a constant
velocity. A triangular signal provides a better description of the cffect of velocity on the friction
coefficient. In [13}, tests of teflon consisted of extremely slow displacements and were mostly
concerned with bridge joints. The sliding velocities used were of the order of 1% of the lowest

velocity used in the present program,
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2, Test Machine and [lata Acquisition

The test machine is shown in Figure 6.1, The main structural parts consist of a stiff fixed base
vertical column supported by two diagonal ¢lements, and a horizontal beam located above the column
and controlled by two vertical and one horizontal hydraulic actuator, The actuators can be either force
controlled or displacement controlled.  The two vertical actualors were force controlled. They were set
10 apply a constant force P’ cach, in order to ensure an axial load of P= 2P’ on the bearing, located
under the center of the beam. The beam is very rigid in bending. Any vertical deflections in the

bearing would be automatically followed by the vertical actuators so that P remains constant.

The horizontal actuator was displacement controlled, in the scnse that it was set to provide a
programmed signal. The naturc of the displacement signal is chosen by the operator. [n the present
experiment, wo types of displacements were used, a sinusoidal time scries and a triangular time scries.
The force in the horizontal actuator was automatically changing correspondingly. At each actuator,

two channels were connected to record forces and displacements.

The sliders tested were 6x6 inch ané 4x4 inch teflon layers bearing against a stainless steel
plate. The lower plate that carried the 1/25 inch thick tefion layer was mounted on a rubber bearing
locked against horizonial movement (Figures 6.2 and 6.3). Between the bearing and the vertical
column of the rig, a load cell was installed (Figure 6.4). The load cell measured shear, and bending

forces.

Data was acquired through 15 channels. A list of the channel numbering and their functions is
provided in Table T-6.1. The data acquisition system, that included an MTS board (Figurc 6.5), was a
part of the control instrumentation. A terminal permitted the display of all channels to check the
correctness of the displacement input and the constancy of the applicd axial load. A mechanical
plotter, electrically connected to the shear and displacement channels produced simultaneously with the
beam movement, the hysteresis loops of shear at the slider versus displacement of the horizontal beam.

That was mainly intended to check if any deficiencies occurred during the test.

The rate at which the data samples are read is adjustable. For the slow runs, namely

corresponding to 0.0125 Hz. the dala was read at a rale of 10 rcadings a sccond. For the tesis
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corresponding to 0.125 Hz, S0 samples were acquired per second. For all higher frequencies of input
displacement, 100 readings per second were performed. Each set of data acquired was temporarily

stored on the disk of the computer until it was saved on tape, loaded on a2 VAX 750, and processed.

3. Test Sequence

The vertical loads and velocities used in the rig tests were intended to include their corresponding
values encountered during shake table tests. While mounted under the structural model, the inner

bearings carried about 14 kips cach, and the outer oncs around 9 kips each.

For the teflon sliders, the 6x6 inch layers were hence under & pressure of about 390 psi while
installed under the structurc. On the static rig, their pressure was varicd from 100 psi to 1200 psi.
The 4x4 inch layers were subjected 10 about 900 psi during the shake table tests, and their pressure on
the static rig was varied from 100 psi to 3000 psi. The pressure was extended to that high value in
order to detect any deficiencies that could result from accidental overloading of a slider during an

carthquake.

Table T-6.2 provides a chronological listing of the scries of tests performed on the static rig. In
the first test series, which is not listed here, sinusoidal signals of various frequencies and amplitudes
were used as horizontzl displacement input. Since the slope of a sinusoidal signal is continuously
changing, the sliding velocity was not fixed 1o a certain value. Furthermore, the shape of the
hysteresis loops for those tests were close to clliptical, and thus did not shew a constant shear force.
That suggested that the friction coefficicnt depended greatly on the sliding velocity. The highest point
of the hysteresis loops was [ocated on the vertical axis, this showed that the coefficient of friction

increased with velocity.

For the reasons mentioned above, it was decided to use a displacement signal with constant stope
(triangular signat) to study the effect of the velocity on the coefficient of friction. The values that were
used were intended to cover the range of velocities produced on the shake table. Integration of the
structure base relative acceleration time series, produced relative velocities up to 12 in/sec for certain

shake table tests.
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4. Test Results

The displacement and shear time histories for the 3 or 4 main cycles of each test run along with
the corresponding hysteresis loops are shown in Figures 6.8-6.22, for the 4x4 sliders. The values of
the resulting coefficients of friction are summarized in Table T-6.3 and plotted in Figure 6.23. The test
was mainly intended to study the coefficient of friction of the sliders and its dependence on the

following factors:

Velocity

Even though it is commonly accepted that for most contacting surfacer, the static coefficient of
friction is higher than the dynamic cocfficient of friction, it was noticed that for very low velocities,

namely 0.1 inssec, the coefficient of friction was lower than the one obtained for higher velocities.

For instance, for the 4x4 sliders, u changed from 7% 1o 17% when the velocity was increased
from 0.1 1o 10 in/sec, for a pressure of 100 psi, and from 6% to 15% for the same velocity variation,
but under a pressure of 1200 psi in the teflon. However, this increase tends to a certzin saturation at
velocities around 12 infsec. For velocitics of above 12 in/sec, the shear level drops within the same
test run, because of the increase in temperature at the contacting surfaces, producing a lower cocfficient
of friction. For these tests, the coefficient of friction adopted was the one that corresponded to the
three full middle cycles in .lhe input displacement time history. This coefficicnt was generally smaller

than the onc obtained at the first cycle of the signal.

Pressure

Another property of the teflon sliding on stainless steel is the dependence of its dynamic
cocfficient of friction on ihe pressure in the material. In general, for most sliding areas, the dynamic
coeflicient of friction is obtained from simply normalizing the shear resisted by the slider by the axial
load, at a certain rate of sliding. In the present case, the value of the axial load had a large influence

on y. For instance, a change of 1100 psi in thc pressure at 10 in/sec, caused a drop in i from 17% to
7%.
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On the other hand, the static cocfficient of friction, which was adopted as corresponding to
v=0.1 in/sec, was not affecied by the changes in axial load; for a difference of pressure of 1100 psi,

u staycd around 7%.

Temperature

Depending on the fabrication process and the composition of the teflon, the temperature has
differcnt cffects on the coefficient of friction. This experiment gave only a general idea of the effects
of temperature. The slider was estimated to be at room temperature before the test, and at around
110°F after the test, for velocities of 10 in/scc and above. Since it was not intended to study
temperature cffects for our present application, no instrumentation was installed to acquire the

temperature time history. In sum, the cffcct was 2 slight drop in .

Contamination

It is commonly accepted that the presence of an cxtcrnal material between the contacting surfaces
causes substantial changes in . In reference [12], data for greased sliders and dusted sliders is given.
Since a building is expected to be always resting on its foundations, no other material will penetrate
between the contacting surfaces. The arca of steel which is not constantly covered by the teflon, can

be regularly cleaned of a contaminating material as a part of the maintenance program.

Wear

After 60 test runs equivalent to about 250 cycles of an average amplitude of 1.2 inches, the teflon
layer thickness was reduced by only 1/30 inch. The main type of wearing noticed was a delamination
of the teflon layer (Figures 6.6 and 6.7). After tests of v = 10 in/sec and above were performed, very
thin layers of teflon of arcas of about 4 square inches detached from the sliders. Also, on the stainless
steel plate, a white film was found after each test. This film was removed by cach following test run

and a white powder-like material was found on the steel at the limit of travel of the teflon.
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For comparison, the teflon fragments were cleaned from the sieel and the same test was rerun
with 2 slight increase in the coefficient of friction. The difference, however, was negligible and the
removal of the teflon film afier cach run was found unnccessary. There was some hesitation in
identifying this dclamination as damage, since it had almost no effect on the coefficient of friction.
Also, the reduction in the thickness of the teflon was very small. Under earthquake cxcitation, the

number of cycles is too small to cause a concern about the wearing in the slider.

Strength

At the end of the test program, the pressure on the teflon was increased to 3000 psi to test the
strength of the slider. No noticeable change was observed, other than the decrease in the coefficiem of
friction in about the samc proportion as for the previous pressure levels. No fracturing in the 1/30
inch thick teflon layer occurred. This showed that there is no risk of failure of the teflon or sudden
changes in the slider properties in the case of an accidental overloading. At this level of pressure,

however, the delamination was slightly increased.

Previous expericnce with teflon in slow movements, and recent research on its performance under
dynamic excitations show its rcliability and the possibility of using it as a component in base isolation

systems.



Table T-6.1

List of channels for triangular signal rig testing.

LIST OF CHANNELS FOR TEFLON-STAINLESS STEEL SLIDERS

STATIC RIG TESTING.

VERT.DISP1
VERT.DISP2
VPM AXIAL
VPM DISP

INCHES
INCHES
INCHES
INCHES
INCHES
INCHES
KIPS
INCHES
KIPS
KIP-IN
KIPS
KIPS
INCHES
INCHES
KIPS
INCHES

Front Left DCDT

Back Left DCDT

Front Right DCDT

Back Right DCDT

Eront Center DCDT

Back Center DCDT

Horizontal actuator force
Horizontal actuator displacement
Shear recorded on load cell
Moment recorded on load cell
Vertical actuator #1 force
Vertical actuator #2 force
Vertical actuator #l displacement
Vertical actuator #2 displacement
Axial force recorded on load cell
Axial displacement between

load cell and ground.
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Table T-62  Sliders test sequence for triangular signal,

TEST SFQUENCE FOR 6x& AND 4x4 TEFLON-STAINLESS STEEL
SLIDERS FOR TRIANGULAR HORIZONTAI, DISPLACEMENT.
4 MINUTES REST BETWEEN SUCCESSIVE RUNS.

Collecting data at 10 samples/sec for 0.0125 Hz.,
50 samples/sec for 0.125 Hz.,
50 samples/sec for 0.625 Hz.,
100 samples/sec for other frequencies.

Testing 6x6 slider

FILENAME VELOC FREQ AXIAL PRESS AMPLIT
in/s Hz Kips psi in
870305.01 0.1 0.012S 3.6 100 2
870305.02 1.0 0.125 3.6 100 2
870305.03 5.0 0.625 3.6 100 2
B870305.04 10.0 1.25 3.6 100 2
870305.0% 12.0 1.50 3.6 100 2
870305.06 15.0 1.875 3.6 100 2
870305.11 .1 0.0125 21.6 600 2
870305.12 1.0 0.125 21.6 600 2
B70305.13 5.0 0.625 21.6 600 2
870305.14 10.0 1.25 21.6 600 2
870305.15 12.90 1.50 21.6 600 2
870305.16 15.0 1.875 21.6 600 2
870305.21 6.1 0.0125 32.4 300 2
870305.22 1.0 0.125 32.4 800 2
870305.23 5.0 0.625 32.4 900 2
870305.24 10.0 1.25 32.4 900 ¥ 5
B870305.25 12.0 1.50 32.4 900 2
870305.26 15.0 1.875 32.4 900 2
870305.31 0.1 0.0125 43.2 1200 2
870305.32 1.0 0.125 43.2 1200 2
870305.33 5.0 D0.625 43.2 1200 2
870305.34 10.0 1.25 43.2 1200 2
a76305.35 12.0 1.50 43.2 1200 2
870305.3¢6 15.0 1.875 43.2 1200 2

The temperature for the previous tests raised from
room temperature to around 100 F at the stainless
steel face. The plate was warmper, but no other
significant differences. Waited until cooling then
started with 4x4 slider.
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Testing 4x4 slider

EILENAME

8702305.41
870305.42
870305.43
870305.44
B870305.45
870305.46

870305.51
870305.52
870305.53
870305.54
870305.55
870305.56

870309.01
870309.02
B870309.03
870309.04
870309.05
870309.06

870309.11
870309.12
870309.13
870309.14
870309.15
870309.16

980309.21
980309.22
980309.23
980309. 24
980309.25
980309, 26

870309.31
870309.32
870309.33
870309.34
870309. 35
870309. 36

870309.41
870309.42
870309.43
870309.44
870309.45
870309.46

VELOC FREQ AXIAL PRESS
0.1 0.0125 1.6 100
1.0 0.125 1.6 100
5.0 0.625 1.6 100
10.0 1.25 l.6 100
12.0 1.50 1.6 100
15.0 1.875 1.6 100
0.1 0.0125 9.6 600
i.0 0.125 9.6 600
5.0 0.625 9.6 600
10.0 1.25 9.6 600
12.0 1.50 9.6 600
15.0 1.875 9.6 600
.1 0.0125 14.4 900
1.0 0.125 14.4 900
5.0 0.625 14.4 200
10.0 1.25 14.4 200
12.0 1.50 14.4 900
15.0 1.875 14.4 900
0.1 0.0125 19.2 1200
1.0 0.125 19.2 1200
5.0 0.625 19.2 1200
10.0 1.25 19.2 1200
12.0 1.50 19.2 1200
15.9 1.875 19.2 1200
0.1 0.0125 32.0 2000
1.0 0.125 32.0 2000
5.0 0.625 32.0 2000
10.0 1.25 32.0 2000
12.0 1.50 32.0 2000
15.0 1.875 32.0 2000
0.1 0.0125 40.0 2500
1.0 0.125 40.0 2500
5.0 0.625 40.0 2500
10.0 1.25 40.0 2500
12.0 1.50 40.0 2500
15.0 1.875 40.0 2500
0.1 0.0125 48.0 3000
1.0 0.125 48.0 3000
5.0 0.625 48.0 3000
jo.0 1.25 48.0 3000
12.0 1.50 48.0 3000
15.0 1.875 48.0 3000

clockwise tilt

counterclockwise tilt of 0.04 rd for 870309.48

870309.47
870309.48

10,
10.

of 0.04 rd. for 870309.47

0 1.25 4B.0 3000
0 1.25 4B.0 3000

NN N NN N MNNONNDDD NN MNMNNNNOLD NNNNDN NNMNNN%
[
-4
]
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Table T-6.3 Variation of friction coeficient for 4x4 inch teflon-stuinless steel sliders
with pressure and sliding velocity.

- COEFFICIENT OF FRICTION ( % ) - 4 x 4 TEFLON SLIDER

- 100 psi | BOO psi | 900 psi | 1200 psi | 2000 psi | 2500 psi | 3000 psi
0.1 in.sce ! 6.9 6.8 6.4 6.4 5.5 8.3 5.0
1.0 in.sec ! 11.7 11.5 11.1 111 10.2 8.8 7.9
5.0 in.gec ! 16.9 18.7 14.5 13.2 10.3 9.0 8.3
10,0 in.sec ! 17.5 17.2 15.9 15.0 11.0 9.5 B.7
12.0 in.sec ' 17.2 18.7 15.0 14.6 10.7 9.4 8.3
15.0 in.sec ! 17.1 16.6 l 14.9 14.2 10.2 9.1 7.9
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Rig used for slider tests.

Figure 6.1
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Figure 6.2 The three basic components: rubber bearing, teflon,
stainless stee! plate.

Figure 63 Slider as mounted on the static rig.
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Figure 64 Slider on load cell.
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Figure 6.6 Teflon slider after repeated testing (250 cycles).

Figure 6.7 Tefion wearing by delamination.
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Figure 6.3 Displacement, shear, and hysteresis loop for 4x4 Inch slider,

v=0.1 in/sec, p=900 psi.
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Figure 6.9 Displacement, shear, and hysteresis boop for 4x4 inch slider,

v=5.0 in/sec, p=900 psi.
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Figure 6.11  Displacement, shear, and hysteresis loop for 4x4 inch slider,

v=0.1 in/sec, p=1200 psi.
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Figure 6.12  Displacement, shear, and hysteresis loop for 4x4 inch slider,

v=5,0 in/sec, p=1200 psi.
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v=15.0 in/sec, p=1200 psi.
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v=5.0 in/sec, p=2000 psi.
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Figure 6.16  Displacement, shear, and hysteresis loop for 4x4 inch slider,

v=15.0 infsec, p=2000 psi.



ssIAI-

[ 5 Xot 4

-82-

FI1C TEST - v=C.1l in

/sec - pr2S00 psi

[\

ANVANVA
V4

AVARVA

0

° T ]
| \
-2 [ \ " ‘\/_M mj
b ] ® W0 1% xo a0
4 F
A=
h
: L]
=3 -
'y L 1 |
-3 =1 9 1 3
irches
IR
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Figure 6.18  Displacement, shear, and hysteresis loop for 4x4 inch stider,
v=5.0 in/.ec, p=2500 psi.
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v=15.0 in/sec, p=2500 psi.
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Displacement, shear, and hysteresis loop for d4x4 inch slider,
v=0.1 in/se¢, p=3000 psi.
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v=5.0 in/sec, p=3000 psi.
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CHAPTER SEVEN
EARTHQUAKE SIMULATOR TEST RESULTS

1. General

It is commonly accepted that isolation systems consisting of solely rubber bearings provide
substantial reduction in ground accelerations transmitted to the structure. However, this reduction in
accelerations is accompanied by an increase in base drift and a lack of wind restraint. The system that
combines sliders and rubber bearings provides a better displacement control and an inherent wind
restraint. For the structure mounted on clastomeric bearings only (MRPRA SET #1), the mode
corresponding to its fixed base fundamental frequency of 3.4 Hz was almost totally attenuated. The
only significant peak in the Fourier transforms of the base and story accelerations corresponded to the
frequency of rigid body motion of the structure at 0.7 Hz. When the sliders were added, the fixed base
structure fundamental frequency appeared again. This is illustrated in Figures 7.1, 7.2 and 7.3 vhich
show the Fourier transforms of table, base, third, sixth, and ninth story accelerations for El Centro at
200 span, Bucharest at 250 span, and Mexico City at 50 and 150 span, V4 time scaled records for the
two isolation systems. That was due to the fact that the response of the structure had twa distinct
states; one corresponding to a base shear level below the sliding threshold, needed to activate the
sysiem, and the other to a base shear above it. In the first state the structure responded as if it were
fixed base, while in the sccond state, the stiffness of the rubber bearings controlled and the first mode
was the rigid body mode of the structure on a solely rubber isolation system. By comparing the
responses between different spans for the isolation system that included sliders, it was noticed that the
base retative displacement plays an important role in the pattern in which the energy is distributed
between these twe modes. When the span is larger, the combined system behaves more like a solely

rubber system because of the increased participation of the rubber.

If an cquivalent stiffness were (o be determined, it would depend on the maximum basc relative
displacement and could be used only if an approximate idea were sought for a preliminary design
phase. A different simple approach yields far more accurate results. A bilinear force displacement

relationship with infinite initial stiffness followed by the stiffness of the four rubber bearings, was
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found very adequate to model the combined isolation system. For the superstructure, static
condensation can be used and the overall analysis can be performed on a simplified model where all

clements ace elastic except at the base.

2. Displacements

One of the advantages of the combined sliding bearing rubber bearing system was the reduction
in the relative base displacements, due to the energy dissipation provided by friction, and to the
increased base shear needed to start the base movement. Figures 7.4, 7.5 and 7.6 show base shear
hysteresis loops for the MRPRA SET #1 and for the combined system. The respective peak base
displacements for the MRPRA SET #1 system and the combined rubber-sliders system were 2.06 in.
and 0.77 in. for the El Centro record at 200 horizontal span (1 in. peak table displacement) yielding
2.06 and (.77 as base displacement amplification ratios for the two systems respectively; 2.57 in. and
0.94 in. for the Bucharest record at 250 horizontal span (1.25 in. peak table displacement) yieiding
2.06 and 0.75 as respective base displacement amplifications. Under the Mexico City input, the peak
base displacement for the MRPRA SET #1 was 0.11 in. at 50 horizontal span (0.25 peak tabie
displacement), while it was 0.C9 in. for the combined rubber-sliders system at 150 horizontal span
(0.75 in. peak tsble displacement), yiclding basc displacement amplitudes of 0.44 and 0.12,
respectively. In sum, the rubber system amplified the base drift about 3 times more than the combined
rubber-sliders system did. Previous tests of rubber systems showed excessive base drift under low
frequency inputs, like the Mexico City signal, and the span for those excitations had to be kept under
150. While using the slider-bearing system, we were able to apply horizontal spans up to 400 (2 in.
peak table displacement) for the Mexico City record, resulting in a peak base displacement of only

sbout two inches.

Deflected shapes of the structure at the instants when each story individually reached its
maximum displacement are shown in Figures 7.7-7.14. It was noticed that the presence of the sliders
in the proportion used (31 % of the total bearing area, carrying 60% of the total weight) did not

change the main effect of an elastomeric base isolation system, that is causing the structure to move
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like a rigid body. The deflected shapes at instanis of maximum displacements also showed the
predominance of a basc-isolated first mode. For instance for the Mexico City signal at 375 span the
story drifts at t=21.9 sec. were 0.13, 0.08, 0.08, and 0.07 in. for the firsy, second, third and ninth
stoties, respectively, while the base drift was 1.91 in. For the Bucharest table motion at 300 span the
story drifts at t=3.2 sec. were 0.12, 0.04, 0.05, and 0.02 in. for the first, second, third and ninth
stories while the base drift was about 1.3 in. For the San Francisco record at 200 span the story drifts
at t=2.4 sec. were 0.07, 0.05, 0.05, and 0.03 in. for the first, second, third and ninth stories,
respectively, with a base drift of 0.84 in. In sum, for most table motions, base displacements were
larger than story drifts by a factor of 10 to 15. The magnitudes of the base displacements, however,

depended on the type of signal applied. Table T-7.1 summarizes results for eight different carthquakes

at different spans.

The structural model was also tested with its base fixed 1o the shake table. Time histories for the
story drifts of the structure on the combined rubber-sliders isolation system were compared with the
corresponding ones for the fixed bhase condition. The spans for all carthquake records applied to the
isolated structure were larger than the ones applied to the fixed base structure by a factor of 2 10 3, yet
resulting in story drifts of about the same magnitude. For instance, the maximum story drifts for the
third, sixth and ninth stories under the San Francisco signal applied at 100 horizontal span (PTA=0.7
g) were 0.07, 0.07 and 0.04 in., respectively, for the fixed basc condition, while they were of 0.06,
0.06 and 0.05, respectively, for the isolated structure on the combined system for the same signal at
200 horizontal span (PTA=1.2 g). This is illustrated in Figure 7.15. The choice of the quantity to
which these values can be normalized in order 10 obtain a more precise comparison when the applied
excitations have different magnitudes is debatable, especially because story drifts depend on both input

displacements and input accelerations.

The relative base displacement time historics were of particular interest for studying the
recentering provided by the rubber bearings. Figures 7.16-7.19 show the table acceleration, tabie
displacement, and base drift time histories for the eight earthquake records used. The largest offset

encountered throughout the whole testing program corresponded to the Mexico City input and yet was
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only about 0.2 in. for a peak table displacement of 1.9 in. The recentering capacity of the system is
particularly illustrated in Figure 7.18 (top, right) showing the base drift for the Parkficld input at 350
horizontal span. The table displacement time history shows a significant sway of 1.8 in. in one
direction followed by small amplitude cycles of less than 0.5 in., the base, however, recentered with an
offset of only 0.04 in. This shows that very small cycles are enough to recenter the system ¢even if
they are preceded by a strong ground motion in only one direction. The end-of-signal basc offsets are

shown in Table T-7.2 with their corresponding pcak table displacement and peak table acccleration.

In a previous study of the sliding response of rigid blocks under carthquake cxcitations by Aslam
et al. [11]), a massive 3x2x1 ft concrete block weighing 935 1b was free to slide on a 6x6x0.5
protective concrete slab which was hydrostoned to the shake table. Various materials were used
between the block and the slab to change the coefficient of friction which varicd between 0.18 and
0.30. In that study the horizontal input acceleration was about 80% of the actual earthquake record
(i.c., the Pacoima Dam s74w component of the 1971 earthquake accelerogram} applied simultaneously
with various levels of the vertical componen:. Time historics of the block displacement relative 1o the
table, given in [11], show c¢xtremely lar ¢ end-of-signal offsets that reveal the need for a recentering

spring.

3. Accelerations

One of the main purposes of base isolation is the reduction of ground accelerations transmitted to
the structure. The acceleration reduction is expected to improve with softer systems like the ones
consisting of rubber only. By the addition of sliders, the accelerations in the structure were slightly
higher than the ones corresponding to a solely rubber system. The peak base acceleration to peak
ground acceleration ratio increased from an average of 0.5 for the system using elastomeric pads, under
input spans around 150, to an average value of 0.9 for the system that included sliders, for input spans
as high as 375. As shown in Table T-7.1, the isolated buse aoceleration amplification ratio was highest
for the Mexico City signal (about 1.7} and lowest for the San Francisco signal (about 0.6), because

high frequency signals induced more sliding causing a softer equivalent system. Intcrmediate values
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were found for most of the other sarthquakes which had their input energy spread over a wider range
of frequencies. Thus, there was almost no reduction in the ground accelerations, and the accelerations
in the top stories were often slightly higher than the table accelerations for certain signals at low spans.
However, the concept of isolation was still preserved. since for the fixed base case, these amplification
ratios reached 4 or 5 for input spans of around 100. Figures 7.20-7.27 show acceleration time histories
for ihe table and the fourth and ninth stories normalized 10 the peak table acceleration, for the fixed
base structure and for the structure isolated on the combined system. They illusirate the reduction in
accelerations provided by the combined rubber-sliders system. When the structure was tested as fixed
base, the peak ninth story acceleration to the peak table acceleration reached 4.39 for El Centro input
125 span, 5.28 for Parkfield input 123 span, and was between 1,6 and 3 for the other records at similar
spans, while for the isolated base case these ratios did not exceed 2.2. These values are summarized in
Table T-7.3. Plots of the acceleration amplification along the clevation of the structure are shown in

Figure 7.28 for the fixed base case and in Figure 7.29 for the base isolated case.

4. Effect of Input Magnitude

The ecffect of the magnitude of ground displacement on the acceleration and displacement model
response was examined by using the El Centro record between 150 and 425 horizontal spans. It was
noticed that the peak base relative displacement to the peak table displacement ratio increased with the
span of the inpu! up 10 a certain span level (arpund 300). After this level, the ratio started decreasing.
The increase in the displacement amplification ratio for spans below 300 was due to the increased
participation of the rubber bearings. At a horizontal span of atout 300, the tension devices came close
to locking and caused an increase in the stiffness, and hence a decrease in the base displacement
(Figure 7.30). Figure 7.31 shows the hysteresis [oops of the north bearings for horizontal spans of
150, 300 and 400. The effect of the restrainers can be seen for the 400 horizontal span. The same
conclusion was drawn for the ninth story relative displacement. Generally, the displacement

amplification ratio for the basc was between 0.5 and 1.0 for all spans, and for the ninth story was

between 0.9 and 1.5.
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The amplification ratios for the accelerations generally decreased with increased span. However,
the lowest valuc was for a horizontal span between 300 and 350, because of the stiffening caused by
the restrainers close to locking. It is thus shown that the more the sysiem is activated the lower the
acceleration amplification ratio. These factors are summarized in Table T-7.4 and plotied in Figure
7.30, which shows the presence of an optimum span where the system provides the largest reduction in

the accelerations.

If the building under consideration is expected to house equipment, sensitive 10 high frequencies
and high accelerations, the proportion of sliders in the isolation sysiem should be kept lower.
However, if good isolation is required as well as reduction in the displacements, a high proportion of

sliders can be used,

S. Base Shear

Since there were no instruments installed in the frame 10 measure member forces, the interstory
shears were obtained by determining the inertia forces at each level. This is accurate cnough for steel
structures that are still in their linear elastic range, because they have very low damping, and the elastic
force would practically equal the inertia force at each level.

The only check point between the statics and the inertia method was the base level, where the
load cells for force measurement were installed. The limiting valuc Fg,, for the basc shcar was
expected to be greatly influenced by the cocfficient of friction of the sliders, since for a given
displacement the additional shear provided by the rubber is constant. Assuming that the structure is
moving a5 a rigid body, denoting by F,,, the maximum base shear, and by Ym,., the maximum base

acceleration, the following equation hokis:

WY

Faa*MYng®

where M and W are the total mass and total weight of the structural model. However,

FympmuaW
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where l,, is the maximum friction coefficient reached atl maximum sliding velocity, F, the maximum
shear at the sliders, and a the fraction of total weight carried by the teflon. Thus, if the sliders were

installed without the rubber bearings, the base acceleration would have had an upper bound of
Ymax"Hmax @8

With the presence of the rubber bearings, it is increased to
Ko 8
Ymu'g(umna"‘w war) .1

where 8, is the maximum base displacement

Although the friction coefficient depends on the sliding velocity, p,,., can be fixed at a certain
value obtained from tests (in our case 17%), and thus the maximum base acceleration corresponding to

rigid body consideration of the structure is controlled by an appropriate combination of the two

parameters a and K.

It was noticed that the frequency content of the different earthquakes is reflected in the accuracy
of this approximation. The higher thc frequency content of the carthquake is, the larger is the

difference between the measured base shear and the one obtained from rigid body considerations.

6. Energy Dissipation Efficiency

It is commonly accepted that the total energy transmitted from the ground to a structure is
absorbed in two different ways. The first one is due 10 the elastic strain, the second one is due to the
plastic strain. The elastic strain energy is temporarily absorbed by the structure, part of it is
transmitted back to the soil through the foundations and the other part released as kinetic energy
causing amplification in the response quantities. For this reason, conventional design has a tendency to
dissipatc the major amount of the total energy absorbed by means of inelastic behavior of structural
and non-structural clements. The neced to increase the dissipated energy is satisfied by the use of
sliders. It is shown here that the major portion of the total energy absorbed was dissipated by friction,

minimizing the amplification in the response, and concentrating the deformations at the isolation



interface.

The cfficiency of the combined rubber-sliders system in dissipating energy was investigated by
examining the load-deflection relationship at the isolation interface. Hysteresis loops of total base
shear versus relative base displacement were obtained for different carthquake signals and are shown in
Figures 7.32-7.35. The total cnergy dissipated was calculated by numerical integration of the areas
enclosed in these loops while the total input energy was obtained by integrating the product of the base
shear with the table displacement time histories. Figures 7.36-7.43 show the cycles of energy
dissipation (top), thc cumulative input encrgy and the cumulative dissipated energy time histories
(bottom). The proportion of the total input energy dissipated by hysteresis was above 90% for all
eight table motions used. Table T-7.5 summatizes the results. It should be noted however that
because of instrumentation resolution and because of numerical errors these values are valid to +5%.
Nevertheless, these plots show the efficiency of concentrating the energy dissipation at the isolation

interface.

In an attempt 10 evaluate an equivalent damping, the total energy E dissipated for each test run,
was divided by an estimated number of significant cycles N, read from the base drift time histories and
from the instantaneous energy dissipation plots. Thus, wy=FE/N provides an average value of energy
dissipated per cycle. In order to determine an cquivalent clastic work, w,, it was assumed that
w, = F,,8,/2 where F,, is the maximum basc shear and &, the maximum base relative displacement.
An cquivalent damping ratio was then cvaluated by E,=wy/dnw, The values of E, N, and &, are

presented in Table T-7.6 for the cight earthquake records used. The values of E, were about 20% for
all signals.



Table T-7.1 Peak values of basz and ninth story response (top), with their corresponding
amplification ratios (bottom).
- Table Base Ninth story

filename Dowlin Y { Apade) 1 Dralim ) | AL (9) | Poaxdine ) | Anale)
861119.03 ELC375 1.6 0.73 1.36 0.43 201 0.64
861119.04 MEX375 1.97 0.18 1.91 0.31 2.55 0.39
861118.05 BUC300 1.56 0.27 1.27 0.32 1.75 0.31
861119.06 MIY350 1.81 0.33 1.22 0.38 1.72 0.46
861118.07 PAC350 1.82 0.49 1.30 0.52 1.87 0.59
861119.08 FAR350 1.82 0.41 1.09 0.37 1.46 0.46
861118.09 SFR200 1.01 1.20 0.84 0.68 1.23 0.63
861119.10 TAF350 1.83 0.72 1.36 0.39 1.62 0.68

- Acceleration Amplification | Displacement Amplification
Apare A Anin Dyge D, D,

fleame | 35 | Tae | Ao | Den | Do | Dowe
861119.03 ELC375 0.59 0.88 1.49 0.69 1.03 1.48
861119.04 MEX375 1.72 2.17 1.26 097 | 1.29 1.34
861118.05 BUC300 1.19 1.15 0.97 0.81 1.12 1.38
861119.06 MIY350 1.15 1.39 1.21 0.67 0.95 141
861119.07 PAC350 | 1.06 1.20 1.13 0.71 1.03 1.44
861119.08 PAR3530 0.90 1.12 1.24 0.60 0.80 1.34
861119.08 SFR200 | 0.57 0.53 0.93 0.83 1.22 1.46
861119.10 TAF350 0.54 0.94 1.74 0.74 0.89 1.19
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Table T-7.2  Base displacement end-of-signal offsets for eight
earthquake records with their corresponding peak
table displacement and peak table acceleration.

filename signal Base Offset (in.) | PTD {in.}) | PTA (g)
861119.03 | ELC375 -0.061 1.96 073
861119.01 { MEX375 0.212 1.97 0.18
861119.05 | BUC300 -0.006 1.56 0.27
861119.06 | MIY350 0.11% 1.81 0.33
861110.07 | PAC350 -0.025 1.82 0.49
861119.08 | PAR350 -0.04] 1.82 0.41
8611i9.09 | SFR200 0.037 1.01 1.20
861119.10 | TAF350 0.057 1.83 0.72

Table T-7.3  Acceleration amplification ratios at fourth and ninth stories for fixed base

and base Isolated structure.

FIXED BASE STRUCTURE BASE ISOLATED STRUCTURE )
signal PTA (g) | 4th story | 9th story signal | PTA (g) | 4th story | 8Lh story
ELC125 0.25 2.53 1.39 ELC375 0.73 0.42 0.88
MEX100 0.06 1.65 2.44 MLEX375 0.18 1.64 2.17
BUCI175 0.17 1.41 253 BUC300 0.27 0.70 1.15
MIY150 0.16 2.05 3.00 MIY350 0.33 0.63 1.39
PACI125 0.18 1.02 1.88 PAC350 0.4% 0.45 1.20
PARI25 0.14 3.30 5.28 PAR350 0.4 0.53 1.12
SFR100 0.73 0.94 1.55 SFR200 1.20 023 0.53
TAF100 0.20 1.52 2.25 TAF350 0.72 0.38 0.94
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Table T-7.4  Peak values of base and ninth siory response (top), with their corresponding
amplification ratios (bottom), for El Centro record with increasing span.

- Table Base Ninth story
filename Doaslin.) | Apuilg) | Drandin. ) | Anaie) | Daling ) | Amaile)
861117.01 ELC150 0.78 0.27 0.49 0.19 0.75 031
861117.02 ELC200 1.04 0.39 0.76 0.21 1.04 0.38
861117.03 ELC300 1.56 0.58 1.41 0.29 1.92 0.48
861117.04 ELC350 1.83 0.68 1.53 0.35 2.14 0.55
861117.05 ELC400 2.07 0.80 1.71 0.41 2.33 0.64
861117.06 ELC425 2.22 0.85 1.82 0.48 2.50 0.67

- Acceleration Amplification | Displacement Amplification

Abase Aginth Annth | Diase Daints Dejntn

flename Az::zf Adabie Abase Diapie 1 LS Dyau
861117.01 ELC150 { 0.70 1.15 1.63 0.63 0.96 1.53
861117.02 ELC200 | 0.54 0.97 1.81 0.73 1.00 1.37
861117.03 ELC300 | 0.50 0.83 1.66 0.90 1.23 1.36
861117.04 ELC350 { 0.51 0.81 1.57 0.84 1.17 1.40
861117.05 ELC400 | 0.31 0.80 1.56 0.83 1.13 1.36
861117.06 ELC425 | 0.58 0.79 1.39 0.82 1.13 1.37




Table T-75 Energy dissipation efficiency of the combined
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rubber-sliders isclation system.

signal Input Energy (E;) | Dissipated Energy (Ep) %;)—
ELC375 221.4 205.4 93%
MEX375 246.5 250.8 102%
BUC300 56.0 54.8 97%
MIY350 186.2 157.5 95%
PAC350 75.5 723 96%
PAR350 44.6 418 94%
SFR200 38.7 348 80%
TAF350 146.3 137.2 94%

Table T-7.6 Equivalent damping and equivalent stiffness obtained from experimental

hysteresis loops of base shear for eight records. Eeq around 20%.

filename signal E N wp = % we by = 4::s (%) | Koy lkin™V
861119.03 | ELC375 | 205.38 6 34.23 13.8 20 15.0
861119.04 | MEX375 | 250.7¢ 3 50.18 20.1 20 11.8
861119.05 | BUC300 | 54.56 2 27.28 10.4 21 13.0
861119.06 | MIY350 | 157.44 3 3J1.48 113 22 15.1
861119.07 | PAC350 | 72.33 3 24.11 11.2 17 13.8
861119.08 | PAR350 | 41.03 2 20.97 8.3 20 14.7
86111909 | SFR200 | 34.90 2 17.45 5.7 24 18.6
861119.10 | TAF350 | 137.23 4 3431 124 22 13.6
Average 2 14.2
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CHAPTER EIGHT

COMPARISON OF EARTHQUAKE SIMULATOR TEST RESULTS
WITH SEAONC TENTATIVE CODE

1. General

The Base Isolation Subcommitice of the Scismology Committce of the Structural Engineers Asso-
ciation of Northern California (SEAONC) prepared a lentalive code in 1986, for base-isolated struc-
tures [14]. This tentative code proposed two main procedures for the scismic analysis of base-isolated
structures. The first approach uses simplified formulas similar 10 the equivalent static analysis formulas
recommended by the Uniform Building Code. The second approach uses dynamic analysis procedures
{(time history and responsc spectra analyses). In this chapter, the values obtained from code simplified

formulas are compared with experimental results from shaking table tests.

2. Displacements

The requirement for the minimum base displacement of an isolated structure to be accommodated

by its isolation system, as recommended in the tentative code is

D- EZEASI @.1)

where S is a soil factor, ranging from 1.0 for hard soils 10 2.7 for very soft soils, T is the fundamental
period of the building obtained by considering the structure as a single degree-of-freedom oscillator,

and B is a factor related to the damping in the isolation system. The code provides tables for the

above coefficients.

ZN is interpreted as a "Design Ground Shaking” parameter. ATC 3-06 recommends a smoothed
clastic response spectrum for 5 % damping to be used as a basic tool for the quantitative description of
the intensity and the frequency content of the cffects of local ground conditions [15]. ATC 3-06 also
suggests the better solution that consists of using four or more acceleration time histories from which
an average response spectrum is extracied. Both approaches arc based on response spectra and do not

account for ground motion duration which is an important factor in the loss of strength of structures.
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The usc of base isolation provides a system that can withstend the repeated loading, thus climinating

the concern about the loss of strength of the superstructure, if it were to be conventionally designed.

The intensity of "Design Ground Shaking” is represented by two parameters the Effective Peak
Acceleration (EPA), A,, and the Effective Peak Velocity (EPV), which yiclds the Velocity Related
Acceleration coefficient, A,. The EPA is oblained by averaging the spectral accelerations between the
periods of 0.1 and 0.5 second and reducing the average by a factor of 2.5, For the one-fourth scale
steel model used in the present cxperiment, the period limits are replaced by 0.05 and 0.25 second,
respectively. A, is then the numerica) value of EPA divided by g. The EPV is obtained by taking the
spectral velocity at 1 second period and reducing it by a factor of 2.5. Instead, the ordinate at 0.5
second is used here for comparison with the modcl response. A, is then obtained from EPV/30. Maps
representing the EPA and EPV for various seismic regions arc available and are discussed in ATC 3-

06 1984; in the present comparison, however, the numerica) procedure described above is used.

The A, and A, coefficients of the eight records used were computed for different ranges of
periods and tabulated in Tablc T-8.1. The response spectra of the ¥4 time scaled earthquake records

used in the calculation of A, and A, are shown in Figures 5.16-5.8b.

Equation (8.1} approximates long-period displacements oblained from 5 % damped response
spectra and was developed for full scale structures. For a onc-fourth scale structural model, equation

(8.1) becomes

_ SZNST 62

P B

T is obtained from equation (8.3), using the minimum effective stiffness, K,,;,, of the isolation system,

and the total weight of the structure, W

T = 2% VW/g Ky 8.3)

In the case of the slider-bearing system, the effective stiffness depended on the basc relative
displacement, which changed with the type of cxcitation. For the various records applied to the

system, the lowest effective stiffness was 11.8 kfin.; with 2 total weight of 91 kips the effective period
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would be 0.89 sccond. Note that the horizontal drift was limited by tension devices installed in the
corner rubber bearings, and that the maximum allowed displacement of the isolation system could be

used to obtain the lowest cquivalent stiffness of the system.

The soil factor was taken as §¢ = 2.7 for the Mexico City record, S; = 1.0 for the San Francisco

record, Sy = 2.0 for the Bucharest record, and S; = 1.5 for the rest of the signals.

The factor ZN in equation (8.2) was obtained from two different considerations: from recorded
peak table acceleration, and from the EPA and EPV calculations suggested in the ATC 3-06 1984
Building Code and listed in Table T-8.1. For the sake of observation different combinations were used
to determinc the displacements. The Dy valucs were obtaincd using the controlling value of A, and
A".‘ In order to compare the present code recommendations with the experimental results, Dy,
obtained from A, (EPA for T,=0.05second and T,=0.25second) or A, (EPV for T=0.5second)

was used and the ratios Dy,/D,,,, are listed in Table T-8.2.

It was noticed that the code formula is slightly conservative for records of intermediate frequency
content, and overestimates the recorded base displacement for high frequency excitations. For instance,
Dy1/Dy, is about 4 for the San Francisco tecord. There was a major concern about the underestimated
result for low frequency inputs such as the Mexico City record for which D;/Dy, is about 0.5. This
is due to the dependence of the factor ZN on the ground acceleration. For the Mexico City signal
those accelerations were very low, nevertheless it was the most severe input for base isolation systems,
One interpretation is that buildings on soft soil nced not be isolated, but it is preferable to introduce a
factor that makes the code displacement increase substantially for this case in order 1o translate the

severity of low frequency ground motions for isolation systems.

The period range recommended by the code does not relate to the particular structure under
consideration, and thus ignores the crucial period band in which amplification in the responsc might
occur.  For this reason, the code formula was also used with an EPA obtained from the average
spectral acceleration between 0.29 and 1.4 seconds which conrespond to the fixed base and to the
sliding conditions, respectively. The rusponse spectra used was for 20% damping to match the
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equivalent damping of the system calculated from the base shear hysteresis Joops. This approach still
needs some improvement but it gave results that were more consistent with thc measured
displacements. When the average speciral acceleration S, (0.29 sec < T < 1.4 sec) was used, the ratios
of code displacement to test displacement were 1.32 for El Centro, 1.05 for Mexico City, 1.10 for
Bucharest, 1.01 for Parkficld, 1.03 for Taft and about .95 for the Miyagi, Pacoima and San Francisco
records. Furthermore, the average spectral displacement S; was very close to the mecasured base

displacement. These results are listed in Table T-8.3,

3. Base Shear

According to the tentative code, the part of the structure that is above the isolation interface,

should be designed to withstand a2 minimum shear force of

D
V, - %{ (8.49)

where the values for the factor R,,, which takes into account the structural system used, according to
the code are the same as for a non-isolated structurc but should not be taken more than 8. R,/2 can be
regarded as & base shear reduction coefficient that accounts for the ductility of the superstructure.
Since one of the important advantages of base isolation is to protect the structure from deforming into
the inelastic range, the expression K D4 was used for comparison with thc maximum base shear
obtained from shake table tests. This is equivalent lo taking R,/2=1. The stiffness used in the code
base shear calculation is the average equivalent stiffness for the cight records listed in Table T-7.6. It
was noticed that the code overcestimates the base shear for high frequency cxcitations (San Francisco),

and might underestimate it for low frequency signals (Mexice City). The values are shown in Table

T-8.4.

4. Lateral Force Distribution

From the experimental data, the force at a given story level was obtained by summing the inertia

force time histories acting on the part of the structure above this level. Since the damping in the
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structure is very small this should yield the story shear {clastic force £, ). This approach was verified
at the base; the base shear obtained by adding up the inertia forces compares well {4 % relative error)
with the forces recorded by the load cells located under the base. From the recorded story shear time
historics of all floors, an envelope for the shear distribution along the clevation of the model was
obtained. SEAONC provides a simplified formula for the lateral force distribution along the elevation
of the building. The distribution is given by

VW,

W,

is]

F. =

8.5)

where W, is the weight at level x, and V, is the base shear obtained from equation (8.4) with the

reduction coefficient R,_/2 taken as unity.

S. Comparison with Response Spectra Analysis

Despite the nonlinearity introduced by the sliders in the propertics of the isolation system, the
basic feature of base isolation of causing the building motion to be controlled by merely one mode
shape, was preserved. For instance, by considering Figures 7.7-7.14 which show the deflected shape
of the structure at maximum story displacements, it was noticed that they followed a certain pattern
independent of the excitation. The vectors containing the story displacements relative to the table,
normalized to the highest story displacement (seventh story) varied slightly with the type of excitation

and span. The vector containing the average values for all eight records is

& = [0.68 0.74 0.77 0.80 0.94 0.96 0.98 1.00 0.92 0.93 JT (8.6)

where the average displacement normalized to the seventh story displacement is 0.68 at the base and
0.93 at the ninth story. Thus the distribution is close 10 constant along the height of the building and a
vector of ones can be used. However, the vector in equation (8.6) will be used here in a response

spectrum analysis, treating the 9 DOF structure and the isolated base as a 10 DOF linear system.
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the response quantity is then given by
Lad"m [1]=021 8.7
where [1] is a 10x1 vector of ones and m is the mass matrix. The modal mass is given by

Me®'md = 0.18 (8.8)

the story displacements and story shears vectors are given by:

Vaa = O L 5y(5,7) ®9)
foux=m @ f{' S.(§,.T7) (8.10)

where §; and S, are the displacement and pscudo-acccleration spectral values. These can be obtained
from Figures 5.1b-5.8b for a damping ratio of 20 %, since this level of damping was experimentally
determined for almost all applicd tabic motions (Table T-7.6). In the choice of the spectral quantities,
it was taken into account that the isolation system had two distinct stiffncsses, one infinite and
corresponding 10 no sliding when the base shear is below the sliding threshold, and one that equals the
stiffness of the four rubber bearings. For this rcasom, thc average spectral value §, was used in
equation (8.10). This approach might be conservative since it uses a non reduced linear response
spectrum, nevertheless it yielded better correlation with the test results than the code formula. The

story shear distribution for test, code formula, and response spectrum analysis are shown in Figures

8.1-8.8.

Generally, the analysis using a response spectrum with 20% damping along with the average
spectral values at a period band pertinent 1o the properties of the structure yielded results closer to the

experimental ones than the code formula did.

6. Future Research and Conclusions

Earthquake records of low frcquency content generally contain low accelerations, and thus would

result in low valucs of Peak Table Acceleration (PTA) and/or Effective Peak Acceleration (EPA).



When these values are used it the code formulas they yield underestimated base displacements which
contradict theoretical and experimental results that low frequency inputs are exiremely severe 1o base
isolation systems and produce excessive base drift. ATC 3-06 recommended using the controlling
value of either A, or A, in order to account for the high velacities caused by low frequency large
amplitude displacements, however, A, was introduced as a spectral velacity ordinate corresponding to
one period value. This approach secemed insufficient in describing the "Design Ground Shaking"
corresponding 10 the low frequency inputs used in the present experiment. Instead, a range of periods
of the same widih as the one used for EPA but centered around a 1 second period (0.5 seconds for the
model) was used in the pseudo-velocity response spectra. The factor 30 by which the EPV was
reduced to yicld A, as was concluded from ATC 3-06 Section C1.4.1 F, p. 301, caused low values of
A, 1t is suggested that for cotrelation with dynamic test results, the reducing factor 30 should be

replaced by 30/VS where S is the geometric scale of the structural model used.

Approximate preliminary design of base isolated structures can be performed by using simplified
formulas. Despite the non-linearity in the properties of the sliding bearing and rubber bearnng
combined system it was shown that simplified formulas can predict displacements and forces within
40 % of overestimation. This amount of unccnainty is unavoidable in most preliminary designs.
However, the parameters used to characterize the "Design Ground Shaking™ need to be studied in more
detail. In the cass of base isolated structures it is necessary that the Velocity Related Acceleration
Coefficienlt be given a more careful treatment.  Also, for structural systerns that might be influenced by
repeated foading, a special coefficient representing the duration of ground motion should be defined.
In general, however, isolation systems are tested against cyclic loading before gaining acceptance. In a
response speetra analysis, whete the structure was expected to possess varying fundamental period, the

average value of the spectral ordinales between these two periods was used and yiclded good results.



Table T-8.1

Table T-8.2

input T Soil Factor S | PTA | Dpr,
L
| ELC375 s 073 3257
EMExsvs 23 o.fig'f*"i_iim
' BUC300 | 2.0 027 | 1.60
MIY350 | 1.5 033 | 147
"PACISO | 15 | 049 | 218 |
PAR3S0 | 15 |04l | 1.82
SFR200 1.0 T*i".'id”_iﬁsé"

[ TAF3s0 | 15 [072| 320 |2

ELC375 | 0570 | 0.618 | 0.502 | 0.449

MEX375 | 0.128 | 0.103 ] 0.088 | 0.097

SFR200 ‘{1.096 0.592 | 0.249 | 0.231
\

0.569 l 0.464 0223 0"5"
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EPA and EPV values with the corresponding code displacements

for the eight records used.

file EL Ag | A | A, | A,
, e

! BUC300 | 0.192 | ©.212 0”43 "39
MIY350 | 0.255 | 0.319 | 0.453 0.369
0.468 0.337 § 0. ‘488 0,289

0.308 | 0.309 0.146 0.151

A,y between T,-O.DSs. and
A,» between T,=0.10s. and

A, 8t T\=0.50s. (/30)

A,z between T\=0.40s. and

Ay 8l Tywl0s. (/30

A, belween T,=0.805s. and

: | b2 | Da
7| 218 2.‘78W
o | 618 [ a5
IFEARE:
191 } 191
IREIRE:

1.39 I 1.39

Comparison of code displacement with test displacement
showing overestimation for high frequency inputs and

underestimation for low frequency inpuls.

" N
Dﬂ.’:l !

b - —

115 J

D test

" 1.89
0.54

e e

1.78 | 178
2.09 ‘> 2.09

S
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Table T-8.3 Measured base displacement, average spectral
displacement, and average spectral accelera-
tion over 0.29 sec < T < 1.4 sec.

Duwe 54 &,
(in}) (in) (in/sec?)

ELC375 |1.36 | 2.27 | 1820
MEX3756 | 1.91 | 2.19 96.5
BUC300 | 1.27 | 1.5 81.1
MIY350 | 1.22 | 1.36 | 100.3
PAC350 | 1.30 | 1.55 | 106.1
PAR350 {1.09 | 1.42 92.5
SFR200 | 0.84 | 0.87 81.9

PAR350 | 1.36 | 1.53 | 110.2

Table T-8.4 Maximum base shear [rom Code Formula, Test,
and Response Spectra Analysis.

- Maximum Base shear

filename Feote (k) | Fre(k) | FLk) | Frupilk.)
861119.03 ELC375 36.5 20.2 20.7 38.3
861119.04 MEX375 14.8 24.3 24.5 22.8
861119.05 BUC300 20.7 16.3 16.6 21.8
861119.06 MIY 350 386 16.5 16.7 23.7
861119.07 PAC350 30.1 17.2 17.4 25.1
861119.08 PAR350 19.7 15.8 18.0 21.9
861119.00 SFR200 46.7 16.0 15.9 16.0
861119.10 TAF350 36.4 18.2 18.5 26.1
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Figure 8.1 Story shear envelope from test, code formula, and response spectra

analysis. Table input: v4 time scaled El Centro, horizontal span 375,
PTA=0.73 g.
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Figure 8.2 Story shear envelope from test, code formula, and response spectra

analysis. Table input: v4 time scaled Mexico City, horizontal span 37§,
PTA=0.18 g.
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Figure 83  Story shear envelope from test, code formula, and response spectra

analysis. Table input: v4 time scaled Bucharest, horizontal span 300,
PTA=0.27 g.
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Figure 8.4  Story shear emvelope from test, code formula, and response specira

analysis. Table input: V4 time scaled Miyagi-Ken-Oki, horizontal span 350,
PTA=0.33 g.
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Figure 8.5 Story shear envelope from test, code formuls, and response spectra
analysis. Table input: V4 time scaled Pacoima Dam, horizontal span 350,
PTA=0.49 g.
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Figore 8.6 Story shear envelope from test, code formula, and response spectra
analysis. Table input: V4 time scaled Parkfield, horizontal span 350,
PTA=0.41 g.
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Figure 8.7 Story shear envelope from test, (ode formula, and response spectra

analysis. Table input: V4 time scaled San Francisco, horizontal span 200,
PTA=1.20 g. -
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Story shear envelope from test, code formula,
analysis. Table input: V4 time scaled Taft, horizon

© Test

9.9

12.7

14.2

14.9

15.13

15.3

15.2

Code

0.4

7.6

11.2

14.8

20.0

23.5

7.1

w Resp.Spec

3.1

15.9

18.3

20.6

22.9

26.1

and respomse spectra
tal span 350, PTA=0.72 g.
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CHAPTER NINE
CONCLUSIONS

Various base isolation systems have previously been proposed but most of them neced scparate
accessorics to provide wind restraint, displacement control, stability and fail-safe capacity. Systems
that provide large reduction of ground accelcrations usually consist of horizontally flexible rubber
bearings solely. These, however, might presem stability problems in case of accidental excessive base
drift, and thus nced a support on which the structure can depend in case of bearing buckling or roll-
out. Furthermore, the damping that elastomers provide does not always mecct the level of cnergy
dissipation needed. On the other hand, a system that is very economical and close 10 existing practioe
consists of frictional clements currently used for purposes other than earthquake protection. In this
study, these two systems were combined into a new one that satisfies all requirements for the
carthquake isolation of structures. The threshold of sliding provides wind restraint, the friction
provides encrgy dissipation, the rcinforced rubber bearings carry part of the vertical load and recenter
the structure, and the tension restraint keeps the structure from uplifting. Furthermore, since the base is

constantly resting on the sliders, the fail-safe capacity is inherent.

The carthquake simulator testing showed that the inclusion of tcflon sliders in the base-isolation
syslem drastically improves the control of displacements at the cost of slightly reducing the
acceleration reduction efficiency of a solely rubber system. For the same model, where fixed base tests
resulted in acceleration amplification ratios as high as 6, the combined slider-rubber system yielded
ratios around 1, whereas a solcly ruhber system typically yiclds ratios around 0.5. The solely rubber
systems, however, resulted in base displacements around 3 times the ones that correspond to the

combined slider-rubber system,

The high energy dissipation is characterized by the large area enclosed in the base shear

hysteresis loops, and on the average the system provided an equivalent damping of about 20%.
The so-called Alexisismon system uses sliders combined with unreinforoed neoprence pads that act
as restoring springs [16). This system has two major differences from the one described in this report.

The neoprene springs in that system are not allowed to carry any axial load and all the weight of the
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building is carried by the sliders. This causes the base response, specifically the base shear sliding
threshold, to be totally controlled by the weight of the building and by the friction coefficient of the
sliders which changes with velocity, temperature and pressure. Thus, the above arrangement does not
allow the designer to distribute the weight of the building on both sliders and reinforced bearings. In
the present system, the base shear threshold can be better controlled by appropriate choice of the size
of the sliding area which can be decreased to a very low percentage, since sliders here are not required
to carry the total weight of the building. On the other hand, excessive drift of the base may cause
tension in the neoprene springs and thus make them more vulnerable to external factors such as ozonc
attacks, while in the case of the reinforced rubber bearings used here, they are initially under
compression by carrying a fraction of the weight of the structure and this risk is eliminated. In the
case of accidental excessive base drift, part of the vertical load that is initially carried by the rubber is

transferred to the sliders and prevents the rubber bearings from buckling.

Many analytical studies have been performed on such systems and mathematical models using
equivalent linear systems have been proposed but none of them accounted for the varying friction
coefficient. The dependence of this coefficient on the velocity of sliding is important since it causes
stiffening in the system as the base relative velocity increases. Numerical derivation of the measured
base displacements on the shake table yielded sliding velocities of up tc 12 in./se.. A variation of this
magnitude causes the teflon coefficient of friction to change by a factor as high as two, thus doubling

the shear resistance of the sliders.

When the results from formulas recommended in 1986 by the SEAONC seismology
subcommittee for the design of base isolated structures were compared with the measured values, the
displacements were found 1o be overly copservative for earthquakes of high accelerations and
frequencies, and were underestimated for low frequency inputs. The base shear and the force
distribution code formulas need to be examined in more detail since they yieldcd values as high as
three times the messured forces for some earthquake inputs. More specifically, the coefficient R,, needs
a more careful interpretation Since it was initially defined for conventionally desigred fixed base

structures that are expected to dissipate energy by yielding. A simplified approach using a response
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spectra analysis, that was considered, yielded satisfactory results.
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